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PREFACE 


he chief objective of Electric Machinery continues to be to build a strong 
foundation in the basic principles of electromechanics and electric machinery. 
Through all of its editions, the emphasis of Electric Machinery has been 
on both physical insight and analytical techniques. Mastery of the material covered 
will provide both the basis for understanding many real-world electric-machinery 
applications as well as the foundation for proceeding on to more advanced courses in 
electric machinery design and control. 
Although much of the material from the previous editions has been retained in 
this edition, there have been some significant changes. These include: 


@ Achapter has been added which introduces the basic concepts of power 
electronics as applicable to motor drives. 


H ‘Topics related to machine control, which were scattered in various chapters in 
the previous edition, have been consolidated in a single chapter on speed and 
torque control. In addition, the coverage of this topic has been expanded 
significantly and now includes field-oriented control of both synchronous and 
induction machines. 

@ MATLAB®! examples, practice problems, and end-of-chapter problems have 
been included in the new edition. 


@ = The analysis of single-phase induction motors has been expanded to cover the 
general case in which the motor is running off both its main winding and its 
auxiliary winding (supplied with a series capacitor). 


Power electronics are a significant component of many contemporary electric- 
machine applications. This topic is included in Chapter 10 of this edition of Electric 
Machinery in recognition of the fact that many electric-machinery courses now include 
a discussion of power electronics and drive systems. However, it must be emphasized 
that the single chapter found here is introductory at best. One chapter cannot begin to 
do justice to this complex topic any more than a single chapter in a power-electronics 
text could adequately introduce the topic of electric machinery. 

The approach taken here is to discuss the basic properties of common power elec- 
tronic components such as diodes, SCRs, MOSFETs, and IGBTs and to introduce 
simple models for these components. The chapter then illustrates how these compo- 
nents can be used to achieve two primary functions of power-electronic circuits in 
drive applications: rectification (conversion of ac to dc) and inversion (conversion of 
dc to ac). Phase-controlled rectification is discussed as a technique for controlling the 
dc voltage produced from a fixed ac source. Phase-controlled rectification can be used 


' MATLAB is a registered trademark of The MathWorks, Inc. 
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to drive dc machines as well as to provide a controllable dc input to inverters in ac 
drives. Similarly, techniques for producing stepped and pulse-width-modulated wave- 
forms of variable amplitudes and frequency are discussed. These techniques are at the 
heart of variable-speed drive systems which are commonly found in variable-speed 
ac drives. 

Drive-systems based upon power electronics permit a great deal of flexibility in 
the control of electric machines. This is especially true in the case of ac machines 
which used to be found almost exclusively in applications where they were supplied 
from the fixed-frequency, fixed-voltage power system. Thus, the introduction to power 
electronics in Chapter 10 is followed by a chapter on the control of electric machines. 

Chapter 11 brings together material that was distributed in various chapters in 
the previous edition. It is now divided into three main sections: control of de motors, 
control of synchronous motors, and control of induction motors. A brief fourth section 
discusses the control of variable-reluctance motors. Each of these main sections begins 
with a discussion of speed control followed by a discussion of torque control. 

Many motor-drive systems are based upon the technique of field-oriented con- 
trol (also known as vector control). A significant addition to this new edition is the 
discussion of field-oriented control which now appears in Chapter 11. This is some- 
what advanced material which is not typically found in introductory presentations of 
electric machinery. As a result, the chapter is structured so that this material can be 
omitted or included at the discretion of the instructor. It first appears in the section on 
torque control of synchronous motors, in which the basic equations are derived and 
the analogy with the control of dc machines is discussed. It appears again in its most 
commonly used form in the section on the torque control of induction motors. 

The instructor should note that a complete presentation of field-oriented control 
requires the use of the dqO transformation. This transformation, which appeared 
for synchronous machines in Chapter 6 of the previous edition, is now found in 
Appendix C of this edition. In addition, the discussion in this appendix has been 
expanded to include a derivation of the dqO transformation for induction machines in 
which both stator and rotor quantities must be transformed. 

Although very little in the way of sophisticated mathematics is required of the 
reader of this book, the mathematics can get somewhat messy and tedious. This is 
especially true in the analyis of ac machines in which there is a significant amount 
of algebra involving complex numbers. One of the significant positive developments 
in the last decade or so is the widespread availability of programs such as MATLAB 
which greatly facilitate the solution of such problems. MATLAB is widely used in 
many universities and is available in a student version.” 

In recognition of this development, this edition incorporates MATLAB in ex- 
amples and practice problems as well as in end-of-chapter problems. It should be 
emphasized, though, that the use of MATLAB is not in any way a requirement for 
the adoption or use of Electric Machinery. Rather, it is an enhancement. The book 


2 The MATLAB Student Version is published and distributed by The MathWorks, Inc. 
(http://www.mathworks.com). 
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now includes interesting examples which would have otherwise been too mathemat- 
ically tedious. Similarly, there are now end-of-chapter problems which are relatively 
straightforward when done with MATLAB but which would be quite impractical if 
done by hand. Note that each MATLAB example and practice problem has been no- 
tated with the symbol WW, found in the margin of the book. End-of-chapter problems 
which suggest or require MATLAB are similarly notatated. 

It should be emphasized that, in addition to MATLAB, a number of other 
numerical-analysis packages, including various spread-sheet packages, are available 
which can be used to perform calculations and to plot in a fashion similar to that done 
with MATLAB. If MATLAB is not available or is not the package of preference at 
your institution, instructors and students are encouraged to select any package with 
which they are comfortable. Any package that simplifies complex calculations and 
which enables the student to focus on the concepts as opposed to the mathematics 
will do just fine. 

In addition, it should be noted that even in cases where it is not specifically 
suggested, most of the end-of-chapter problems in the book can be worked using 
MATLAB or an equivalent program. Thus, students who are comfortable using such 
tools should be encouraged to do so to save themselves the need to grind through messy 
calculations by hand. This approach is a logical extension to the use of calculators 
to facilitate computation. When solving homework problems, the students should 
still, of course, be required to show on paper how they formulated their solution, 
since it is the formulation of the solution that is key to understanding the material. 
However, once a problem is properly formulated, there is typically little additional 
to be learned from the number crunching itself. The learning process then continues 
with an examination of the results, both in terms of understanding what they mean 
with regard to the topic being studied as well as seeing if they make physical sense. 

One additional benefit is derived from the introduction of MATLAB into this 
edition of Electric Machinery. As readers of previous editions will be aware, the 
treatment of single-phase induction motors was never complete in that an analytical 
treatment of the general case of a single-phase motor running with both its main and 
auxiliary windings excited (with a capacitor in series with the auxiliary winding) was 
never considered. In fact, such a treatment of single-phase induction motors is not 
found in any other introductory electric-machinery textbook of which the author is 
aware. 

The problem is quite simple: this general treatment is mathematically complex, 
requiring the solution of a number of simultaneous, complex algebraic equations. 
This, however, is just the sort of problem at which programs such as MATLAB 
excel. Thus, this new edition of Electric Machinery includes this general treatment of 
single-phase induction machines, complete with a worked out quantitative example 
and end-of-chapter problems. 

It is highly likely that there is simply too much material in this edition of Electric 
Machinery for a single introductory course. However, the material in this edition 
has been organized so that instructors can pick and choose material appropriate to the 
topics which they wish to cover. As in the fifth edition, the first two chapters introduce 
basic concepts of magnetic circuits, magnetic materials, and transformers. The third 
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chapter introduces the basic concept of electromechanical energy conversion. The 
fourth chapter then provides an overview of and on introduction to the various machine 
types. Some instructors choose to omit all or most of the material in Chapter 3 from an 
introductory course. This can be done without a significant impact to the understanding 
of much of the material in the remainder of the book. 

The next five chapters provide a more in-depth discussion of the various machine 
types: synchronous machines in Chapter 5, induction machines in Chapter 6, dc 
machines in Chapter 7, variable-reluctance machines in Chapter 8, and single/two- 
phase machines in Chapter 9. Since the chapters are pretty much independent (with 
the exception of the material in Chapter 9 which builds upon the polyphase-induction- 
motor discussion of Chapter 6), the order of these chapters can be changed and/or 
an instructor can choose to focus on one or two machine types and not to cover the 
material in all five of these chapters. 

The introductory power-electronics discussion of Chapter 10 is pretty much 
stand-alone. Instructors who wish to introduce this material should be able to do 
so at their discretion; there is no need to present it in a course in the order that it is 
found in the book. In addition, it is not required for an understanding of the electric- 
machinery material presented in the book, and instructors who elect to cover this 
material in a separate course will not find themselves handicapped in any way by 
doing so. 

Finally, instructors may wish to select topics from the control material of Chapter 
11 rather than include it all. The material on speed control is essentially a relatively 
straightforward extension of the material found in earlier chapters on the individ- 
ual machine types. The material on field-oriented control requires a somewhat more 
sophisticated understanding and builds upon the dqO transformation found in Ap- 
pendix C. It would certainly be reasonable to omit this material in an introductory 
course and to delay it for a more advanced course where sufficient time is available 
to devote to it. 

McGraw-Hill has set up a website, www.mhhe.com/umans, to support this new 
edition of Electric Machinery. The website will include a downloadable version of the 
solutions manual (for instructors only) as well as PowerPoint slides of figures from 
the book. This being a new feature of Electric Machinery, we are, to a great extent, 
starting with a blank slate and will be exploring different options for supplementing 
and enhancing the text. For example, in recognition of the fact that instructors are 
always looking for new examples and problems, we will set up a mechanism so that 
instructors can submit examples and problems for publication on the website (with 
credit given to their authors) which then can be shared with other instructors. 

We are also considering setting up a section of the website devoted to MATLAB 
and other numerical analysis packages. For users of MATLAB, the site might contain 
hints and suggestions for applying MATLAB to Electric Machinery as well as per- 
haps some Simulink®? examples for instructors who wish to introduce simulations 
into their courses. Similarly, instructors who use packages other than MATLAB might 


3 Simulink is a registered trademark of The MathWorks, Inc. 


xiv 


Preface 


want to submit their suggestions and experiences to share with other users. In this con- 
text, the website would appear again to be an ideal resource for enhancing interaction 
between instructors. 

Clearly, the website will be a living document which will evolve in response 
to input from users. I strongly urge each of you to visit it frequently and to send in 
suggestions, problems, and examples, and comments. I fully expect it to become a 
valuable resource for users of Electric Machinery around the world. 

Professor Kingsley first asked this author to participate in the fourth edition of 
Electric Machinery; the professor was actively involved in that edition. He participated 
in an advisory capacity for the fifth edition. Unfortunately, Professor Kingsley passed 
away since the publication of the fifth edition and did not live to see the start of the 
work on this edition. He was a fine gentleman, a valued teacher and friend, and he is 
missed. 

I wish to thank a number of my colleagues for their insight and helpful discus- 
sions during the production of this edition. My friend, Professor Jeffrey Lang, who 
also provided invaluable insight and advice in the discussion of variable-reluctance 
machines which first appeared in the fifth edition, was extremely helpful in formu- 
lating the presentations of power electronics and field-oriented control which appear 
in this edition. Similarly, Professor Gerald Wilson, who served as my graduate thesis 
advisor, has been a friend and colleague throughout my career and has been a constant 
source of valuable advice and insight. 

Ona more personal note, I would like to express my love for my wife Denise and 
our children Dalya and Ari and to thank them for putting up with the many hours of 
my otherwise spare time that this edition required. I promised the kids that I would 
read the Harry Potter books when work on this edition of Electric Machinery was 
completed and [had better get to it! In addition, J would like to recognize my life-long 
friend David Gardner who watched the work on this edition with interest but who did 
not live to see it completed. A remarkable man, he passed away due to complications 
from muscular dystrophy just a short while before the final draft was completed. 

Finally, I wish to thank the reviewers who participated in this project and whose 
comments and suggestions played a valuable role in the final form of this edition. 
These include Professors: 


Ravel F. Ammerman, Colorado School of Mines 

Juan Carlos Balda, University of Arkansas, Fayetteville 
Miroslav Begovic, Georgia Institute of Technology 
Prasad Enjeti, Texas A&M University 

Vernold K. Feiste, Southern Illinois University 
Thomas G. Habetler, Georgia Institute of Technology 
Steven Hietpas, South Dakota State University 

Heath Hofmann, Pennsylvania State University 

Daniel Hutchins, U.S. Naval Academy 
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Bruno Osorno, California State University, Northridge 
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CHAPTER 


Magnetic Circuits and 
Magnetic Materials 


he objective of this book is to study the devices used in the interconversion 

of electric and mechanical energy. Emphasis is placed on electromagnetic 

rotating machinery, by means of which the bulk of this energy conversion 
takes place. However, the techniques developed are generally applicable to a wide 
range of additional devices including linear machines, actuators, and sensors. 

Although not an electromechanical-energy-conversion device, the transformer is 
an important component of the overall energy-conversion process and is discussed in 
Chapter 2. The techniques developed for transformer analysis form the basis for the 
ensuing discussion of electric machinery. 

Practically all transformers and electric machinery use ferro-magnetic material 
for shaping and directing the magnetic fields which act as the medium for transfer- 
ring and converting energy. Permanent-magnet materials are also widely used. With- 
out these materials, practical implementations of most familiar electromechanical- 
energy-conversion devices would not be possible. The ability to analyze and describe 
systems containing these materials is essential for designing and understanding these 
devices. 

This chapter will develop some basic tools for the analysis of magnetic field 
systems and will provide a brief introduction to the properties of practical magnetic 
materials. In Chapter 2, these results will then be applied to the analysis of transform- 
ers. In later chapters they will be used in the analysis of rotating machinery. 

In this book it is assumed that the reader has basic knowledge of magnetic 
and electric field theory such as given in a basic physics course for engineering 
students. Some readers may have had a course on electromagnetic field theory based 
on Maxwell’s equations, but an in-depth understanding of Maxwell’s equations is 
not a prerequisite for study of this book. The techniques of magnetic-circuit analysis, 
which represent algebraic approximations to exact field-theory solutions, are widely 
used in the study of electromechanical-energy-conversion devices and form the basis 
for most of the analyses presented here. 


CHAPTER 1. Magnetic Circuits and Magnetic Materials 


1.1 INTRODUCTION TO MAGNETIC CIRCUITS 


The complete, detailed solution for magnetic fields in most situations of practical 
engineering interest involves the solution of Maxwell’s equations along with various 
constitutive relationships which describe material properties. Although in practice 
exact solutions are often unattainable, various simplifying assumptions permit the 
attainment of useful engineering solutions.! 

We begin with the assumption that, for the systems treated in this book, the fre- 
quencies and sizes involved are such that the displacement-current term in Maxwell’s 
equations can be neglected. This term accounts for magnetic fields being produced 
in space by time-varying electric fields and is associated with electromagnetic ra- 
diation. Neglecting this term results in the magneto-quasistatic form of the relevant 
Maxwell’s equations which relate magnetic fields to the currents which produce 


them. 
wai [ J-aa (1.1) 
C Ss 


 B-da=0 (1.2) 
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Equation 1.1 states that the line integral of the tangential component of the 
magnetic field intensity H around a closed contour C is equal to the total current 
passing through any surface S linking that contour. From Eq. 1.1 we see that the source 
of H is the current density J. Equation 1.2 states that the magnetic flux density B is 
conserved, i.e., that no net flux enters or leaves a closed surface (this is equivalent to 
saying that there exist no monopole charge sources of magnetic fields). From these 
equations we see that the magnetic field quantities can be determined solely from the 
instantaneous values of the source currents and that time variations of the magnetic 
fields follow directly from time variations of the sources. 

A second simplifying assumption involves the concept of the magnetic cir- 
cuit. The general solution for the magnetic field intensity H and the magnetic flux 
density B in a structure of complex geometry is extremely difficult. However, a 
three-dimensional field problem can often be reduced to what is essentially a one- 
dimensional circuit equivalent, yielding solutions of acceptable engineering accuracy. 

A magnetic circuit consists of a structure composed for the most part of high- 
permeability magnetic material. The presence of high-permeability material tends to 
cause magnetic flux to be confined to the paths defined by the structure, much as 
currents are confined to the conductors of an electric circuit. Use of this concept of 


' Although exact analytical solutions cannot be obtained, computer-based numerical solutions (the 
finite-element and boundary-element methods form the basis for a number of commercial programs) are 
quite common and have become indespensible tools for analysis and design. However, such techniques 
are best used to refine analyses based upon analytical techniques such as are found in this book. Their use 
contributes little to a fundamental understanding of the principles and basic performance of electric 
machines and as a result they will not be discussed in this book. 
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Figure 1.1. Simple magnetic circuit. 


the magnetic circuit is illustrated in this section and will be seen to apply quite well 
to many situations in this book.” 

A simple example of a magnetic circuit is shown in Fig. 1.1. The core is assumed 
to be composed of magnetic material whose permeability is much greater than that 
of the surrounding air (44 >> fo). The core is of uniform cross section and is excited 
by a winding of N turns carrying a current of i amperes. This winding produces a 
magnetic field in the core, as shown in the figure. 

Because of the high permeability of the magnetic core, an exact solution would 
show that the magnetic flux is confined almost entirely to the core, the field lines 
follow the path defined by the core, and the flux density is essentially uniform over a 
cross section because the cross-sectional area is uniform. The magnetic field can be 
visualized in terms of flux lines which form closed loops interlinked with the winding. 

As applied to the magnetic circuit of Fig. 1.1, the source of the magnetic field 
in the core is the ampere-turn product Ni. In magnetic circuit terminology Ni is 
the magnetomotive force (mmf) ¥ acting on the magnetic circuit. Although Fig. 1.1 
shows only a single coil, transformers and most rotating machines have at least two 
windings, and Ni must be replaced by the algebraic sum of the ampere-turns of all 
the windings. 

The magnetic flux $ crossing a surface S is the surface integral of the normal 
component of B; thus 


b= [B-da (1.3) 
AY 


In SI units, the unit of @ is the weber (Wb). 

Equation 1.2 states that the net magnetic flux entering or leaving a closed surface 
(equal to the surface integral of B over that closed surface) is zero. This is equivalent 
to saying that all the flux which enters the surface enclosing a volume must leave 
that volume over some other portion of that surface because magnetic flux lines form 
closed loops. 


2 For a more extensive treatment of magnetic circuits see A. E. Fitzgerald, D. E. Higgenbotham, and 
A. Grabel, Basic Electrical Engineering, 5th ed., McGraw-Hill, 1981, chap. 13; also E. E. Staff, M.LT., 
Magnetic Circuits and Transformers, M.LT. Press, 1965, chaps. | to 3. 
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These facts can be used to justify the assumption that the magnetic flux density 
is uniform across the cross section of a magnetic circuit such as the core of Fig. 1.1. 
In this case Eq. 1.3 reduces to the simple scalar equation 


bce = B.A (1.4) 


where ¢, = flux in core 
B, = flux density in core 
Ac = cross-sectional area of core 


From Eq. 1.1, the relationship between the mmf acting on a magnetic circuit and 
the magnetic field intensity in that circuit is.? 


Panis f Hal (1.5) 


The core dimensions are such that the path length of any flux line is close to 
the mean core length /,. As a result, the line integral of Eq. 1.5 becomes simply the 
scalar product Hl, of the magnitude of H and the mean flux path length /,. Thus, 
the relationship between the mmf and the magnetic field intensity can be written in 
magnetic circuit terminology as 


F=Ni= Hz, (1.6) 


where H, is average magnitude of H in the core. 

The direction of H, in the core can be found from the right-hand rule, which can 
be stated in two equivalent ways. (1) Imagine a current-carrying conductor held in the 
right hand with the thumb pointing in the direction of current flow; the fingers then 
point in the direction of the magnetic field created by that current. (2) Equivalently, if 
the coil in Fig. 1.1 is grasped in the right hand (figuratively speaking) with the fingers 
pointing in the direction of the current, the thumb will point in the direction of the 
magnetic fields. 

The relationship between the magnetic field intensity H and the magnetic flux 
density B is a property of the material in which the field exists. It is common to assume 
a linear relationship; thus 


B =H (1.7) 


where yz is known as the magnetic permeability. In SI units, H is measured in units of 
amperes per meter, B is in webers per square meter, also known as teslas (T), and wu 
is in webers per ampere-turn-meter, or equivalently henrys per meter. In SI units the 
permeability of free space is 49 = 4 x 107’ henrys per meter. The permeability of 
linear magnetic material can be expressed in terms of jZ,, its value relative to that of free 
space, or 4 = [;[o. Typical values of 1, range from 2000 to 80,000 for materials used 


3 In general, the mmf drop across any segment of a magnetic circuit can be calculated as if Hdl over that 
portion of the magnetic circuit. 
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Figure 1.2 Magnetic circuit with air gap. 


in transformers and rotating machines. The characteristics of ferromagnetic materials 
are described in Sections 1.3 and 1.4. For the present we assume that jz; is a known 
constant, although it actually varies appreciably with the magnitude of the magnetic 
flux density. 

Transformers are wound on closed cores like that of Fig. 1.1. However, energy 
conversion devices which incorporate a moving element must have air gaps in their 
magnetic circuits. A magnetic circuit with an air gap is shown in Fig. 1.2. When 
the air-gap length g is much smaller than the dimensions of the adjacent core faces, 
the magnetic flux ¢ will follow the path defined by the core and the air gap and the 
techniques of magnetic-circuit analysis can be used. If the air-gap length becomes 
excessively large, the flux will be observed to “leak out” of the sides of the air gap 
and the techniques of magnetic-circuit analysis will no longer be strictly applicable. 

Thus, provided the air-gap length g is sufficiently small, the configuration of 
Fig. 1.2 can be analyzed as a magnetic circuit with two series components: a magnetic 
core of permeability 41, cross-sectional area A,, and mean length /,, and an air gap 
of permeability zo, cross-sectional area Ag, and length g. In the core the flux density 
can be assumed uniform; thus 


? 
Be = — 1.8 
c= (1.8) 
and in the air gap 
p 
B, = — 1.9 
aa (1.9) 


where @ = the flux in the magnetic circuit. 
Application of Eq. 1.5 to this magnetic circuit yields 


and using the linear B-H relationship of Eq. 1.7 gives 


B. B 
F=—i,+—8g (1.11) 
2 Ho 
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Here the ¥ = Ni is the mmf applied to the magnetic circuit. From Eq. 1.10 we 
see that a portion of the mmf, F, = A,/,, is required to produce magnetic field in the 
core while the remainder, ¥, = Hgg, produces magnetic field in the air gap. 

For practical magnetic materials (as is discussed in Sections 1.3 and 1.4), B, 
and H, are not simply related by a known constant permeability yz as described by 
Eq. 1.7. In fact, B, is often a nonlinear, multivalued function of H,. Thus, although 
Eq. 1.10 continues to hold, it does not lead directly to a simple expression relating 
the mmf and the flux densities, such as that of Eq. 1.11. Instead the specifics of the 
nonlinear B,-H, relation must be used, either graphically or analytically. However, in 
many cases, the concept of constant material permeability gives results of acceptable 
engineering accuracy and is frequently used. 

From Eqs. 1.8 and 1.9, Eq. 1.11 can be rewritten in terms of the total flux ¢ as 


le g ) 
FH @ 1.12 
HoAg : 


The terms that multiply the flux in this equation are known as the reluctance R 
of the core and air gap, respectively, 


E 
R= 1.13 
ere (1.13) 
8 
= (1.14) 
HoAg 
and thus 
F = $(Re + Rg) (45) 
Finally, Eq. 1.15 can be inverted to solve for the flux 
F 
= 1.16 
¢ Re +Rz oe 
or 
F 
= — (1.17) 


In general, for any magnetic circuit of total reluctance 7Rio, the flux can be found as 


eg ee 
Riot 


g (1.18) 
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Figure 1.3 Analogy between electric and magnetic circuits. 
(a) Electric circuit, (b) magnetic circuit. 


The term which multiplies the mmf is known as the permeance P and is the inverse 
of the reluctance; thus, for example, the total permeance of a magnetic circuit is 


1 
Reot 


Note that Eqs. 1.15 and 1.16 are analogous to the relationships between the cur- 
rent and voltage in an electric circuit. This analogy is illustrated in Fig. 1.3. Figure 1.3a 
shows an electric circuit in which a voltage V drives a current / through resistors R; 
and R2. Figure 1.3b shows the schematic equivalent representation of the magnetic 
circuit of Fig. 1.2. Here we see that the mmf F (analogous to voltage in the electric 
circuit) drives a flux @ (analogous to the current in the electric circuit) through the 
combination of the reluctances of the core 2, and the air gap R,. This analogy be- 
tween the solution of electric and magnetic circuits can often be exploited to produce 
simple solutions for the fluxes in magnetic circuits of considerable complexity. 

The fraction of the mmf required to drive flux through each portion of the magnetic 
circuit, commonly referred to as the mmf drop across that portion of the magnetic 
circuit, varies in proportion to its reluctance (directly analogous to the voltage drop 
across a resistive element in an electric circuit). From Eq. 1.13 we see that high 
material permeability can result in low core reluctance, which can often be made 
much smaller than that of the air gap; 1.e., for (4Ac/1-) > (MoAg/2), Re K Rg and 
thus Rio * Rg. In this case, the reluctance of the core can be neglected and the flux 
and hence B can be found from Eq. 1.16 in terms of ¥ and the air-gap properties alone: 


=F _ Flos _ y; Hods 
Rg 8 8g 


Prot = (1.19) 


p (1.20) 


As will be seen in Section 1.3, practical magnetic materials have permeabilities which 
are not constant but vary with the flux level. From Eqs. 1.13 to 1.16 we see that as 
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Figure 1.4 Air-gap fringing fields. 


long as this permeability remains sufficiently large, its variation will not significantly 
affect the performance of the magnetic circuit. 

In practical systems, the magnetic field lines “fringe” outward somewhat as they 
cross the air gap, as illustrated in Fig. 1.4. Provided this fringing effect is not excessive, 
the magnetic-circuit concept remains applicable. The effect of these fringing fields is to 
increase the effective cross-sectional area Ag of the air gap. Various empirical methods 
have been developed to account for this effect. A correction for such fringing fields 
in short air gaps can be made by adding the gap length to each of the two dimensions 
making up its cross-sectional area. In this book the effect of fringing fields is usually 
ignored. If fringing is neglected, Ag = Ac. 

In general, magnetic circuits can consist of multiple elements in series and paral- 
lel. To complete the analogy between electric and magnetic circuits, we can generalize 
Eq. 1.5 as 


F = J Hdl = YF = So Ack (1.21) 
k k 


where F is the mmf (total ampere-turns) acting to drive flux through a closed loop of 
a magnetic circuit, 


F= [sa (1.22) 
Ss 


and F;, = A,l, is the mmf drop across the k’th element of that loop. This is directly 
analogous to Kirchoff’s voltage law for electric circuits consisting of voltage sources 
and resistors 


V= S- Ryix (1.23) 
k 


where V is the source voltage driving current around a loop and R, i, is the voltage 
drop across the k’th resistive element of that loop. 
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Similarly, the analogy to Kirchoff’s current law 


Sao (1.24) 
n 
which says that the sum of currents into a node in an electric circuit equals zero is 
So bn =0 (1.25) 
n 


which states that the sum of the flux into a node in a magnetic circuit is zero. 

We have now described the basic principles for reducing a magneto-quasistatic 
field problem with simple geometry to a magnetic circuit model. Our limited pur- 
pose in this section is to introduce some of the concepts and terminology used by 
engineers in solving practical design problems. We must emphasize that this type of 
thinking depends quite heavily on engineering judgment and intuition. For example, 
we have tacitly assumed that the permeability of the “iron” parts of the magnetic 
circuit is a constant known quantity, although this is not true in general (see Sec- 
tion 1.3), and that the magnetic field is confined soley to the core and its air gaps. 
Although this is a good assumption in many situations, it is also true that the wind- 
ing currents produce magnetic fields outside the core. As we shall see, when two 
or more windings are placed on a magnetic circuit, as happens in the case of both 
transformers and rotating machines, these fields outside the core, which are referred 
to as leakage fields, cannot be ignored and significantly affect the performance of the 
device. 


The magnetic circuit shown in Fig. 1.2 has dimensions A, = A, = 9 cm’, g = 0.050 cm, 
1, = 30cm, and N = 500 turns. Assume the value yz, = 70,000 for core material. (a) Find the 
reluctances R, and ,. For the condition that the magnetic circuit is operating with B, = 1.0T, 
find (b) the flux @ and (c) the current i. 


Solution 
a. The reluctances can be found from Eqs. 1.13 and 1.14: 


l, 0.3 : 
Re = = a5 19) 
UxttoA, 70,000 (4m x 10-7)(9 x 10-4) 
107+ A-t 
=== ae =40<1¢ 2 
[oAg (4x x 10-7)(9 x 10-4) Wb 
b. From Eq. 1.4, 


¢@ = B.A, = 1.09 x 10°*) = 9 x 10-* Wb 
c. From Eqs. 1.6 and 1.15, 


4 5 
- F _G(Re+ Rs) _ 9 x 1044.46 x 108) _ ga 4 
N N 500 
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Practice Problem 1.1 


Find the flux ¢ and current for Example 1.1 if (a) the number of turns is doubled to N = 1000 
turns while the circuit dimensions remain the same and (b) if the number of turns is equal to 
N = 500 and the gap is reduced to 0.040 cm. 


Solution 


a. 6=9x 10°* Whandi =0.40A 
b. 6 =9 x 10°* Wh andi =0.64A 


EXAMPLE 1.2 [i 


The magnetic structure of a synchronous machine is shown schematically in Fig. 1.5. Assuming 
that rotor and stator iron have infinite permeability (4 — oo), find the air-gap flux @ and flux 
density B,. For this example J = 10 A, N = 1000 turns, g = 1 cm, and A, = 2000 cm*. 


@ Solution 

Notice that there are two air gaps in series, of total length 2g, and that by symmetry the flux 

density in each is equal. Since the iron permeability here is assumed to be infinite, its reluctance 

is negligible and Eq. | .20 (with g replaced by the total gap length 2g) can be used to find the flux 
— NipoA, _ 1000(10)(47 x 10-7)(0.2) 
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Figure 1.5 Simple synchronous machine. 
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Practice Problem 1.2 


For the magnetic structure of Fig. 1.5 with the dimensions as given in Example 1.2, the air-gap 
flux density is observed to be B, = 0.9 T. Find the air-gap flux @ and, for a coil of N = 500 
turns, the current required to produce this level of air-gap flux. 


Solution 
o@ =0.18 Wb and i = 28.6 A. 


1.2 FLUX LINKAGE, INDUCTANCE, 
AND ENERGY 


When a magnetic field varies with time, an electric field is produced in space as 
determined by Faraday’s law: 


d 
E-.ds = -— /| B-d 1.26 
f s af a (1.26) 


Equation 1.26 states that the line integral of the electric field intensity E around a 
closed contour C is equal to the time rate of change of the magnetic flux linking (..e. 
passing through) that contour. In magnetic structures with windings of high electrical 
conductivity, such as in Fig. 1.2, it can be shown that the E field in the wire is 
extremely small and can be neglected, so that the left-hand side of Eq. 1.26 reduces to 
the negative of the induced voltage’ e at the winding terminals. In addition, the flux 
on the right-hand side of Eq. 1.26 is dominated by the core flux ¢. Since the winding 
(and hence the contour C) links the core flux N times, Eq. 1.26 reduces to 


dg ax 
= N— = — 1.27 
% dt dt ee?) 
where A is the flux linkage of the winding and is defined as 
A=N¢@ (1.28) 


Flux linkage is measured in units of webers (or equivalently weber-turns). The symbol 
gy is used to indicate the instantaneous value of a time-varying flux. 

In general the flux linkage of a coil is equal to the surface integral of the normal 
component of the magnetic flux density integrated over any surface spanned by that 
coil. Note that the direction of the induced voltage e is defined by Eq. 1.26 so that if 


4 The term electromotive force (emf) is often used instead of induced voltage to represent that component 
of voltage due to a time-varying flux linkage. 
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the winding terminals were short-circuited, a current would flow in such a direction 
as to oppose the change of flux linkage. 

For a magnetic circuit composed of magnetic material of constant magnetic 
permeability or which includes a dominating air gap, the relationship between ¢ and 
i will be linear and we can define the inductance L as 


L=- (1.29) 


Substitution of Eqs. 1.5, 1.18 and 1.28 into Eq. 1.29 gives 


N2 


L= 
Riot 


(1.30) 


From which we see that the inductance of a winding in a magnetic circuit is propor- 
tional to the square of the turns and inversely proportional to the reluctance of the 
magnetic circuit associated with that winding. 

For example, from Eq. 1.20, under the assumption that the reluctance of the core 
is negligible as compared to that of the air gap, the inductance of the winding in 
Fig. 1.2 is equal to 


N? = N*woAg 
(g/MoAg) g 


(1.31) 


Inductance is measured in henrys (H) or weber-turns per ampere. Equation 1.31 
shows the dimensional form of expressions for inductance; inductance is proportional 
to the square of the number of turns, to a magnetic permeability, and to a cross- 
sectional area and is inversely proportional to a length. It must be emphasized that, 
strictly speaking, the concept of inductance requires a linear relationship between 
flux and mmf. Thus, it cannot be rigorously applied in situations where the nonlinear 
characteristics of magnetic materials, as is discussed in Sections 1.3 and 1.4, dominate 
the performance of the magnetic system. However, in many situations of practical 
interest, the reluctance of the system is dominated by that of an air gap (which is of 
course linear) and the nonlinear effects of the magnetic material can be ignored. In 
other cases it may be perfectly acceptable to assume an average value of magnetic 
permeability for the core material and to calculate a corresponding average inductance 
which can be used for calculations of reasonable engineering accuracy. Example 1.3 
illustrates the former situation and Example 1.4 the latter. 


The magnetic circuit of Fig. 1.6a consists of an N-turn winding on a magnetic core of infinite 
permeability with two parallel air gaps of lengths g, and g, and areas A, and Az, respectively. 

Find (a) the inductance of the winding and (5) the flux density B, in gap | when the 
winding is carrying a current i. Neglect fringing effects at the air gap. 
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Figure 1.6 (a) Magnetic circuit and (b) equivalent circuit for Example 1.3. 


Solution 
a. The equivalent circuit of Fig. 1.6b shows that the total reluctance is equal to the parallel 
combination of the two gap reluctances. Thus 


Ni 
$= aR 
Ry +R2 
where 
_ _§1 _  & 
1 2 
oA, MoA2 


From Eq. 1.29, 


4 _ No N?(Ry + Ry) 
li~ ape? RiR, 


&1 82 


b. From the equivalent circuit, one can see that 


L= 


Ni BoA Ni 
g@eae 
Ry 81 
and thus 
N 
ee an Holt! 
A; &1 


EXAMPLE 1.4 


In Example 1.1, the relative permeability of the core material for the magnetic circuit of Fig. 1.2 
is assumed to be yz, = 70,000 at a flux density of 1.0 T. 


a. For this value of jz, calculate the inductance of the winding. 
b. In a practical device, the core would be constructed from electrical steel such as M-5 
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electrical steel which is discussed in Section 1.3. This material is highly nonlinear and its 
relative permeability (defined for the purposes of this example as the ratio B/#) varies 
from a value of approximately 4, = 72,300 at a flux density of B = 1.0 T to a value of on 
the order of 4, = 2900 as the flux density is raised to 1.8 T. (a) Calculate the inductance 
under the assumption that the relative permeability of the core steel is 72,300. (b) Calculate 
the inductance under the assumption that the relative permeability is equal to 2900. 


# Solution 


a. 


From Egs. 1.13 and 1.14 and based upon the dimensions given in Example 1.1, 


R. = = 3.67 x 10° 


oA. 72,300 (4x x 10-7)(9 x 10-4) 


L, 0.3 A - turns 
WwW 


while R, remains unchanged from the value calculated in Example 1.1 as 
R, = 4.42 x 10° A- turns / Wb. 
Thus the total reluctance of the core and gap is 


A-t 
Rea Ri RSA ori 


and hence from Eq. 1.30 


N? 500? 


L=— = MM 
Rix 4.46 x 10° 


= 0.561 H 


. For pz, = 2900, the reluctance of the core increases from a value of 3.79 x 10° A - turns / 


Wb to a value of 


I A. 
<== = ay es (epee 
ji,jtoA, 2900 (4x x 10-7)(9 x 10-4) D 


and hence the total reluctance increases from 4.46 x 10° A - turns / Wb to 5.34 x 1O°A- 
turns / Wb. Thus from Eq. 1.30 the inductance decreases from 0.561 H to 


N? 500? 
L= = = 0.468 H 
Ri 5.34 x 10° 


This example illustrates the linearizing effect of a dominating air gap in a magnetic circuit. 


In spite of a reduction in the permeablity of the iron by a factor of 72,300/2900 = 25, the 
inductance decreases only by a factor of 0.468/0.561 = 0.83 simply because the reluctance 
of the air gap is significantly larger than that of the core. In many situations, it is common to 
assume the inductance to be constant at a value corresponding to a finite, constant value of core 
permeability (or in many cases it is assumed simply that u, — oo). Analyses based upon such 


a representation for the inductor will often lead to results which are well within the range of 
acceptable engineering accuracy and which avoid the immense complication associated with 
modeling the nonlinearity of the core material. 
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Practice Problem 1.3 


Repeat the inductance calculation of Example 1.4 for a relative permeability 7, = 30,000.. 


Solution 
L=0.554H 


Me EXAMPLE 1.5 


Using MATLAB, plot the inductance of the magnetic circuit of Example 1.1 and Fig. 1.2 as 
a function of core permeability over the range 100 < pz, < 100,000. 


@ Solution 
Here is the MATLAB script: 


cle 
clear 


% Permeability of free space 


() 


mu0O = pi*4.e-7; 


All dimensions expressed in meters 
Ac = 9e-4; Ag = 9e-4; g = 5e-4; lc = 0.3; 
N = 500; 


Reluctance of air gap 
Rg = g/(mu0*Ag) ; 


fOr Mos 2301 

mur(n) = 100 + (100000 - 100)*(n-1)/100; 
Reluctance of core 

Re(n) = lc/ (mur(n) *mu0*Ac) ; 

Rtot = Rg+Rc(n); 

Inductance 

L{n) = N*2/Rtot; 

end 

plot (mur,L) 

xlabel(’Core relative permeability’) 
ylabel(’Inductance [H]’) 


The resultant plot is shown in Fig. 1.7. Note that the figure clearly confirms that, for the 
magnetic circuit of this example, the inductance is quite insensitive to relative permeability 
until the relative permeability drops to on the order of 1000. Thus, as long as the effective relative 
permeability of the core is “large” (in this case greater than 1000), any nonlinearities in the 
properties of the core material will have little effect on the terminal properties of the inductor. 


t MATLAB is a registered trademark of The MathWorks, Inc. 
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Figure 1.7 MATLAB plot of inductance vs. relative permeability for 
Example 1.5. 


Practice Problem 1.4 


Write a MATLAB script to plot the inductance of the magnetic circuit of Example 1.1 with 
i, = 70,000 as a function of air-gap length as the the air-gap is varied from 0.01 cm to 
0.10 cm. 


Figure 1.8 shows a magnetic circuit with an air gap and two windings. In this case 
note that the mmf acting on the magnetic circuit is given by the total ampere-turns 
acting on the magnetic circuit (i.e., the net ampere turns of both windings) and that 
the reference directions for the currents have been chosen to produce flux in the same 
direction. The total mmf is therefore 


F= Niiy + Noi2 (1.32) 


and from Eq. 1.20, with the reluctance of the core neglected and assuming that A, = 
Ag, the core flux ¢ is 


. . oA 
b = (Niti + N2i2) “ 


(1.33) 


In Eq. 1.33, ¢ is the resultant core flux produced by the total mmf of the two windings. 
It is this resultant @ which determines the operating point of the core material. 


1.2 Flux Linkage, Inductance, and Energy 


a ee Se J }«— Magnetic core 
tL - a permeability i, 
mean core length /.., 


cross-sectional area A, 


Figure 1.8 Magnetic circuit with two windings. 


If Eq. 1.33 is broken up into terms attributable to the individual currents, the 
resultant flux linkages of coil 1 can be expressed as 


A= Mp = Ni (AA) iy + NiN2 (2%) in (1.34) 
8 8 
which can be written 
Ay = Lists + Liai2 (1.35) 
where 
Ly = yrtee (1.36) 


is the self-inductance of coil 1 and L 17, is the flux linkage of coil 1 due to its own 
current i;. The mutual inductance between coils 1 and 2 is 


A 
Ly= NiN2~° - 


(1.37) 


and Li is the flux linkage of coil 1 due to current i in the other coil. Similarly, the 
flux linkage of coil 2 is 


A Ac 
Az = Nod = Ni No G :) iy + No? (2%) in (1.38) 


or 
Ag = Laity + L2i2 (1.39) 


where L, = Lj is the mutual inductance and 
(1.40) 


is the self-inductance of coil 2. 
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It is important to note that the resolution of the resultant flux linkages into the 
components produced by i; and iz is based on superposition of the individual effects 
and therefore implies a linear flux-mmf relationship (characteristic of materials of 
constant permeability). 

Substitution of Eq. 1.29 in Eq. 1.27 yields 


De. 
e= ape (1.41) 


for a magnetic circuit with a single winding. For a static magnetic circuit, the induc- 
tance is fixed (assuming that material nonlinearities do not cause the inductance to 
vary), and this equation reduces to the familiar circuit-theory form 


e=L— (1.42) 


However, in electromechanical energy conversion devices, inductances are often time- 
varying, and Eq. 1.41 must be written as 


e=L—+i— (1.43) 


Note that in situations with multiple windings, the total flux linkage of each 
winding must be used in Eq. 1.27 to find the winding-terminal voltage. 

The power at the terminals of a winding on a magnetic circuit is a measure of the 
rate of energy flow into the circuit through that particular winding. The power, p, is 
determined from the product of the voltage and the current 


. _ da 
pole (1.44) 


and its unit is watts (W), or joules per second. Thus the change in magnetic stored 
energy AW in the magnetic circuit in the time interval ft) to ft, is 


fp A2 
aw = | par= | idh (1.45) 
ty AI 


In SI units, the magnetic stored energy W is measured in joules (J). 
For a single-winding system of constant inductance, the change in magnetic 
stored energy as the flux level is changed from A; to A2 can be written as 


c sae Ld 3 
AW = [d= —dri = —(A,-A 1.46 
me if i ap 02 —¥) or 

The total magnetic stored energy at any given value of 4 can be found from 
setting 4, equal to zero: 


1 L 
W= id = ai (1.47) 
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EXAMPLE 1.6 | 


For the magnetic circuit of Example 1.1 (Fig. 1.2), find (a) the inductance L, (b) the magnetic 
stored energy W for B, = 1.0 T, and (c) the induced voltage e for a 60-Hz time-varying core 
flux of the form B, = 1.0 sinwt T where w = (27)(60) = 377. 


Solution 
a. From Egs. 1.16 and 1.29 and Example 1.1, 


_r4 _ NO | N? 
i bo) RFR, 
500? 
= — — =0.56H 
4.46 x 10° 


Note that the core reluctance is much smaller than that of the gap (R, < R,). Thus 
to a good approximation the inductance is dominated by the gap reluctance, i.e., 
N2 
Lx — =0.57H 
R 


g 


b. In Example 1.1 we found that when B, = 1.0 T, i = 0.80A. Thus from Eq. 1.47, 


1 <2 1 2 
W = SLi? = 5(0.56)(0.80)" = 0.185 


c. From Eq. 1.27 and Example 1.1, 


= 500 x (9 x 10°*) x (377 x 1.0cos (377f)) 
= 170cos(377t) V 


| Practice Problem 1.5 | Problem 1.5 


Repeat Example 1.6 for B, = 0.8 T, assuming the core flux varies at 50 Hz instead of 60 Hz. 


Solution 


a. The inductance L is unchanged. 
b. W=0.115J 
c. e = 113 cos(314t) V 


1.3 PROPERTIES OF MAGNETIC MATERIALS 


In the context of electromechanical energy conversion devices, the importance of 
magnetic materials is twofold. Through their use it is possible to obtain large magnetic 
flux densities with relatively low levels of magnetizing force. Since magnetic forces 
and energy density increase with increasing flux density, this effect plays a large role 
in the performance of energy-conversion devices. 
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In addition, magnetic materials can be used to constrain and direct magnetic 
fields in well-defined paths. In a transformer they are used to maximize the coupling 
between the windings as well as to lower the excitation current required for transformer 
operation. In electric machinery, magnetic materials are used to shape the fields 
to obtain desired torque-production and electrical terminal characteristics. Thus a 
knowledgeable designer can use magnetic materials to achieve specific desirable 
device characteristics. 

Ferromagnetic materials, typically composed of iron and alloys of iron with 
cobalt, tungsten, nickel, aluminum, and other metals, are by far the most common mag- 
netic materials. Although these materials are characterized by a wide range of prop- 
erties, the basic phenomena responsible for their properties are common to them all. 

Ferromagnetic materials are found to be composed of a large number of domains, 
i.e., regions in which the magnetic moments of all the atoms are parallel, giving rise 
to a net magnetic moment for that domain. In an unmagnetized sample of material, 
the domain magnetic moments are randomly oriented, and the net resulting magnetic 
flux in the material is zero. 

When an external magnetizing force is applied to this material, the domain mag- 
netic moments tend to align with the applied magnetic field. As a result, the do- 
main magnetic moments add to the applied field, producing a much larger value of 
flux density than would exist due to the magnetizing force alone. Thus the effective 
permeability 44, equal to the ratio of the total magnetic flux density to the applied 
magnetic-field intensity, is large compared with the permeability of free space jo. 
As the magnetizing force is increased, this behavior continues until all the magnetic 
moments are aligned with the applied field; at this point they can no longer contribute 
to increasing the magnetic flux density, and the material is said to be fully saturated. 

In the absence of an externally applied magnetizing force, the domain magnetic 
moments naturally align along certain directions associated with the crystal structure 
of the domain, known as axes of easy magnetization. Thus if the applied magnetiz- 
ing force is reduced, the domain magnetic moments relax to the direction of easy 
magnetism nearest to that of the applied field. As a result, when the applied field is 
reduced to zero, although they will tend to relax towards their initial orientation, the 
magnetic dipole moments will no longer be totally random in their orientation; they 
will retain a net magnetization component along the applied field direction. It is this 
effect which is responsible for the phenomenon known as magnetic hysteresis. 

Due to this hystersis effect, the relationship between B and H for a ferromagnetic 
material is both nonlinear and multivalued. In general, the characteristics of the mate- 
rial cannot be described analytically. They are commonly presented in graphical form 
as a set of empirically determined curves based on test samples of the material using 
methods prescribed by the American Society for Testing and Materials (ASTM).° 


5 Numerical data on a wide variety of magnetic materials are available from material manufacturers. 
One problem in using such data arises from the various systems of units employed. For example, 
magnetization may be given in oersteds or in ampere-turns per meter and the magnetic flux density in 
gauss, kilogauss, or teslas. A few useful conversion factors are given in Appendix E. The reader is 
reminded that the equations in this book are based upon SI units. 
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Figure 1.9 8-H loops for M-5 grain-oriented electrical steel 0.012 in thick. Only the 
top halves of the loops are shown here. (Armco Inc.) 


The most common curve used to describe a magnetic material is the B-H curve 
or hysteresis loop. The first and second quadrants (corresponding to B > 0) of a 
set of hysteresis loops are shown in Fig. 1.9 for M-5 steel, a typical grain-oriented 
electrical steel used in electric equipment. These loops show the relationship between 
the magnetic flux density B and the magnetizing force H. Each curve is obtained 
while cyclically varying the applied magnetizing force between equal positive and 
negative values of fixed magnitude. Hysteresis causes these curves to be multival- 
ued. After several cycles the B-H curves form closed loops as shown. The arrows 
show the paths followed by B with increasing and decreasing H. Notice that with 
increasing magnitude of H the curves begin to flatten out as the material tends toward 
saturation. At a flux density of about 1.7 T, this material can be seen to be heavily 
saturated. 

Notice that as H is decreased from its maximum value to zero, the flux density 
decreases but not to zero. This is the result of the relaxation of the orientation of the 
magnetic moments of the domains as described above. The result is that there remains 
a remanant magnetization when H is zero. 

Fortunately, for many engineering applications, it is sufficient to describe the 
material by a single-valued curve obtained by plotting the locus of the maximum 
values of B and H at the tips of the hysteresis loops; this is known as a dc or normal 
magnetization curve. A dc magnetization curve for M-5 grain-oriented electrical steel 


21 


CHAPTER 1. Magnetic Circuits and Magnetic Materials 


2.4 
2.2 


2.0 


1.8 t 


1.6 


ious Were al Uareree, Comnene 
i 
{ 
| 


Se ea 


s 12 


S10 


0.6 
0.4 i 


0.2 oe foetal Eo ee eae 
i 


0 


as ae eR Sen Cnn bane 


1 10 100 


H, A «turns/m 


Figure 1.10 Dc magnetization curve for M-5 grain-oriented electrical steel 0.012 in thick. 
(Armco Inc.) 


EXAMPLE 1.7 


is shown in Fig. 1.10. The dc magnetization curve neglects the hysteretic nature of 
the material but clearly displays its nonlinear characteristics. 


Assume that the core material in Example 1.1 is M-5 electrical steel, which has the dc magne- 
tization curve of Fig. 1.10. Find the current i required to produce B, = 1 T. 


# Solution 
The value of H, for B, = 1 T is read from Fig. 1.10 as 


A, = 11 A-turns/m 
The mmf drop for the core path is 
F, = H.J. = 11(0.3) = 3.3 A - turns 
The mmf drop across the air gap is 


B.g 5x 10% 
Fy 8 a 0s 96 urns 


The required current is 
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Practice Problem 1.6 


Repeat Example 1.7 but find the current i for B, = 1.6 T. By what factor does the current have 
to be increased to result in this factor of 1.6 increase in flux density? 


Solution 


The current i can be shown to be 1.302 A. Thus, the current must be increased by a factor of 
1.302/0.8 = 1.63. Because of the dominance of the air-gap reluctance, this is just slightly in 
excess of the fractional increase in flux density in spite of the fact that the core is beginning to 
significantly saturate at a flux density of 1.6 T. 


1.4 AC EXCITATION 


In ac power systems, the waveforms of voltage and flux closely approximate sinusoidal 
functions of time. This section describes the excitation characteristics and losses 
associated with steady-state ac operation of magnetic materials under such operating 
conditions. We use as our model a closed-core magnetic circuit, i.e., with no air gap, 
such as that shown in Fig. 1.1 or the transformer of Fig. 2.4. The magnetic path length 
is 1,, and the cross-sectional area is A, throughout the length of the core. We further 
assume a Sinusoidal variation of the core flux g(t); thus 


O(t) = dmax Sinwt = Ac Bmax Sin wt (1.48) 
where ¢max = amplitude of core flux g in webers 
Bmax = amplitude of flux density B, in teslas 
@ = angular frequency = 27 f 
f = frequency in Hz 
From Eq. 1.27, the voltage induced in the N-turn winding is 
e(t) = oN dmax COS (Wt) = Emax COS wt (1.49) 
where 
Emax = WN bmax = 27 f NAcBmax (1.50) 


In steady-state ac operation, we are usually more interested in the root-mean- 
square or rms values of voltages and currents than in instantaneous or maximum 
values. In general, the rms value of a periodic function of time, f(t), of period T is 


defined as 
1 T 
Pcs (=f faq) ar) (1.51) 
T Jo 


24 


CHAPTER 1. Magnetic Circuits and Magnetic Materials 


(a) (b) 


Figure 1.11 Excitation phenomena. (a) Voltage, flux, and exciting current; 
(b) corresponding hysteresis loop. 


From Eq. 1.51, the rms value of a sine wave can be shown to be 1/./2 times its peak 
value. Thus the rms value of the induced voltage is 


20 
Enns = FB fNAcBmax = V21f NAcBmax (1.52) 


To produce magnetic flux in the core requires current in the exciting winding 
known as the exciting current, i,.° The nonlinear magnetic properties of the core re- 
quire that the waveform of the exciting current differs from the sinusoidal waveform of 
the flux. A curve of the exciting current as a function of time can be found graphically 
from the magnetic characteristics of the core material, as illustrated in Fig. 1.1 1a. 
Since B, and H, are related to g and i, by known geometric constants, the ac hys- 
teresis loop of Fig. 1.11b has been drawn in terms of g = B, A, and is iy = H.l./N. 
Sine waves of induced voltage, e, and flux, g, in accordance with Eqs. 1.48 and 1.49, 
are shown in Fig. 1.11a. 

At any given time, the value of i, corresponding to the given value of flux can 
be found directly from the hysteresis loop. For example, at time r’ the flux is g’ and 
the current is i,,; at time r” the corresponding values are y” and i. Notice that since 
the hysteresis loop is multivalued, it is necessary to be careful to pick the rising-flux 
values (g’ in the figure) from the rising-flux portion of the hysteresis loop; similarly 
the falling-flux portion of the hysteresis loop must be selected for the falling-flux 
values (y” in the figure). 


6 More generally, for a system with multiple windings, the exciting mmf is the net ampere-turns acting to 
produce flux in the magnetic circuit. 


1.4 AC Excitation 


Notice that, because the hysteresis loop “flattens out” due to saturation effects, 
the waveform of the exciting current is sharply peaked. Its rms value [y rms is defined 
by Eq. 1.51, where T is the period of a cycle. It is related to the corresponding rms 
value H-+ms of H, by the relationship 


1 He,rms 
N 


Ionms = (1.53) 
The ac excitation characteristics of core materials are often described in terms 
of rms voltamperes rather than a magnetization curve relating B and H. The theory 
behind this representation can be explained by combining Eqs. 1.52 and 1.53. Thus, 
from Egs. 1.52 and 1.53, the rms voltamperes required to excite the core of Fig. 1.1 
to a specified flux density is equal to 
le Hrms 


Ermslo,rms = Vm f NAcBmax—. 


= J 20 f Bmax Hrms(Acl) (1.54) 


In Eq. 1.54, the product A,/, can be seen to be equal to the volume of the core and 
hence the rms exciting voltamperes required to excite the core with sinusoidal can be 
seen to be proportional to the frequency of excitation, the core volume and the product 
of the peak flux density and the rms magnetic field intensity. For a magnetic material 
of mass density ,, the mass of the core is A./., and the exciting rms voltamperes 
per unit mass, P,, can be expressed as 


Evmslo.rms 2 
P,= SMS PMS V2"f pon (1.55) 


mass De 


Note that, normalized in this fashion, the rms exciting voltamperes can be seen 
to be a property of the material alone. In addition, note that they depend only on Bmax 
because Hyms is a unique function of Bmax as determined by the shape of the material 
hysteresis loop at any given frequency f. As aresult, the ac excitation requirements for 
a magnetic material are often supplied by manufacturers in terms of rms voltamperes 
per unit weight as determined by laboratory tests on closed-core samples of the 
material. These results are illustrated in Fig. 1.12 for M-5 grain-oriented electrical 
steel. 

The exciting current supplies the mmf required to produce the core flux and the 
power input associated with the energy in the magnetic field in the core. Part of this 
energy is dissipated as losses and results in heating of the core. The rest appears as 
reactive power associated with energy storage in the magnetic field. This reactive 
power is not dissipated in the core; it is cyclically supplied and absorbed by the 
excitation source. 

Two loss mechanisms are associated with time-varying fluxes in magnetic ma- 
terials. The first is ohmic /?R heating, associated with induced currents in the core 
material. From Faraday’s law (Eq. 1.26) we see that time-varying magnetic fields 
give rise to electric fields. In magnetic materials these electric fields result in induced 
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Figure 1.12 Exciting rms voltamperes per kilogram at 60 Hz for M-5 grain-oriented electrical 
steel 0.012 in thick. (Armco Inc.) 


currents, commonly referred to as eddy currents, which circulate in the core material 
and oppose changes in flux density in the material. To counteract the correspond- 
ing demagnetizing effect, the current in the exciting winding must increase. Thus 
the resultant “dynamic” B-H loop under ac operation is somewhat “fatter” than the 
hysteresis loop for slowly varying conditions, and this effect increases as the excita- 
tion frequency is increased. It is for this reason that the characteristics of electrical 
steels vary with frequency and hence manufacturers typically supply characteristics 
over the expected operating frequency range of a particular electrical steel. Note for 
example that the exciting rms voltamperes of Fig. 1.12 are specified at a frequency 
of 60 Hz. 

To reduce the effects of eddy currents, magnetic structures are usually built of thin 
sheets of laminations of the magnetic material. These laminations, which are aligned 
in the direction of the field lines, are insulated from each other by an oxide layer on 
their surfaces or by a thin coat of insulating enamel or varnish. This greatly reduces 
the magnitude of the eddy currents since the layers of insulation interrupt the current 
paths; the thinner the laminations, the lower the losses. In general, eddy-current loss 
tends to increase as the square of the excitation frequency and also as the square of 
the peak flux density. 

The second loss mechanism is due to the hysteretic nature of magnetic material. 
In a magnetic circuit like that of Fig. 1.1 or the transformer of Fig. 2.4, a time-varying 
excitation will cause the magnetic material to undergo a cyclic variation described by 
a hysteresis loop such as that shown in Fig. 1.13. 


1.4 AC Excitation 


AB 


Figure 1.13 Hysteresis loop; 
hysteresis loss is proportional to the 
loop area (shaded). 


Equation 1.45 can be used to calculate the energy input W to the magnetic core 
of Fig. 1.1 as the material undergoes a single cycle 


H, Cc 
W= $ ipdh = $ ( = ) (aan dB.) = Acl. $ H, dB, (1.56) 


Recognizing that A./, is the volume of the core and that the integral is the area of the 
ac hysteresis loop, we see that each time the magnetic material undergoes a cycle, 
there is a net energy input into the material. This energy is required to move around 
the magnetic dipoles in the material and is dissipated as heat in the material. Thus 
for a given flux level, the corresponding hysteresis losses are proportional to the area 
of the hysteresis loop and to the total volume of material. Since there is an energy 
loss per cycle, hysteresis power loss is proportional to the frequency of the applied 
excitation. 

In general, these losses depend on the metallurgy of the material as well as the 
flux density and frequency. Information on core loss is typically presented in graphical 
form. It is plotted in terms of watts per unit weight as a function of flux density; often 
a family of curves for different frequencies are given. Figure 1.14 shows the core loss 
P, for M-5 grain-oriented electrical steel at 60 Hz. 

Nearly all transformers and certain sections of electric machines use sheet-steel 
material that has highly favorable directions of magnetization along which the core 
loss is low and the permeability is high. This material is termed grain-oriented steel. 
The reason for this property lies in the atomic structure of a crystal of the silicon-iron 
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Figure 1.14 Core loss at 60 Hz in watts per kilogram for M-5 grain-oriented electrical steel 
0.012 in thick. (Armco Inc.) 


alloy, which is a body-centered cube; each cube has an atom at each corner as well 
as one in the center of the cube. In the cube, the easiest axis of magnetization is 
the cube edge; the diagonal across the cube face is more difficult, and the diagonal 
through the cube is the most difficult. By suitable manufacturing techniques most of 
the crystalline cube edges are aligned in the rolling direction to make it the favorable 
direction of magnetization. The behavior in this direction is superior in core loss 
and permeability to nonoriented steels in which the crystals are randomly oriented 
to produce a material with characteristics which are uniform in all directions. As a 
result, oriented steels can be operated at higher flux densities than the nonoriented 
grades. 

Nonoriented electrical steels are used in applications where the flux does not 
follow a path which can be oriented with the rolling direction or where low cost is 
of importance. In these steels the losses are somewhat higher and the permeability is 
very much lower than in grain-oriented steels. 


| EXAMPLE 1.8 | 1.8 


The magnetic core in Fig. 1.15 is made from laminations of M-S grain-oriented electrical 
steel. The winding is excited with a 60-Hz voltage to produce a flux density in the steel of 
B = 1.5sinwt T, where w = 2760 ~ 377 rad/sec. The steel occupies 0.94 of the core cross- 
sectional area. The mass-density of the steel is 7.65 g/cm>. Find (a) the applied voltage, (b) the 
peak current, (c) the rms exciting current, and (d) the core loss. 
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Figure 1.15 Laminated steel core with winding for 
Example 1.8. 


@ Solution 
a. From Eq. 1.27 the voltage is 


dg aB 
= N— =NA,— 
e dt at 
1.0 m? 
= 200 x 4 in’ x 0.94 x = 3 | x 1.5 x (377 cos (377t)) 
39.4? in 


= 274 cos (377t) V 


b. The magnetic field intensity corresponding to Bmax = 1.5 T is given in Fig. 1.10 as 
HAmax = 36 A turns/m. Notice that, as expected, the relative permeability 
ber = Byax/ (40H max) = 33,000 at the flux level of 1.5 T is lower than the value of 
ft, = 72,300 found in Example 1.4 corresponding to a flux level of 1.0 T, yet significantly 
larger than the value of 2900 corresponding to a flux level of 1.8 T. 


1.0m 
Ll. = (6 i —— } = 0.71 
eA ia eae) a (gan) a 
The peak current is 
Amaxde _ 36(0.71) 
N 200 
c. The rms current is obtained from the value of P, of Fig. 1.12 for Byax = 1.5 T. 


I= =0.13A 


P, = 1.5 VA/kg 
The core volume and weight are 


V, = (4 in’)(0.94) (28 in) = 105.5 in’ 


3 
2.54 7.65 
W. = (105.5 id) ( 2 =) ( = ) = 13.2kg 


1.0 in 1.0 cm? 
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The total rms voltamperes and current are 


P, = (1.5 VA/kg) (13.2 kg) = 20 VA 
P 20 
| are —t. = ——__ =(,10A 
Pm Enns 275(0.707) 


d. The core-loss density is obtained from Fig. 1.14 as P, = 1.2 W/kg. The total core loss is 
P, = (1.2 W/kg)(13.2 kg) = 16 W 


| Practice Problem 1.7 | Problem 1.7 


Repeat Example 1.8 for a 60-Hz voltage of B = 1.0 sin wt T. 


Solution 
a. V = 185cos377t V 
b. 1 =0.04A 
c. 1, = 0.061 A 
d. P, =6.7W 


1.5 PERMANENT MAGNETS 


Figure 1.16a shows the second quadrant of a hysteresis loop for Alnico 5, a typical 
permanent-magnet material, while Fig. 1.16b shows the second quadrant of a hys- 
teresis loop for M-5 steel.’ Notice that the curves are similar in nature. However, the 
hysteresis loop of Alnico 5 is characterized by a large value of residual flux density 
or remanent magnetization, B,, (approximately 1.22 T) as well as a large value of 
coercivity, H,, (approximately —49 kA/m). 

The remanent magnetization, B,, corresponds to the flux density which would 
remain in a closed magnetic structure, such as that of Fig. 1.1, made of this material, 
if the applied mmf (and hence the magnetic field intensity H) were reduced to zero. 
However, although the M-S electrical steel also has a large value of remanent magneti- 
zation (approximately 1.4 T), it has a much smaller value of coercivity (approximately 
—6 A/m, smaller by a factor of over 7500). The coercivity H, corresponds to the value 
of magnetic field intensity (which is proportional to the mmf) required to reduce the 
material flux density to zero. 

The significance of remanent magnetization is that it can produce magnetic flux 
in a magnetic circuit in the absence of external excitation (such as winding currents). 
This is a familiar phenomenon to anyone who has afixed notes to a refrigerator with 
small magnets and is widely used in devices such as loudspeakers and permanent- 
magnet motors. 


7 To obtain the largest value of remanent magnetization, the hysteresis loops of Fig. 1.16 are those which 
would be obtained if the materials were excited by sufficient mmf to ensure that they were driven heavily 
into saturation. This is discussed further in Section 1.6. 
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From Fig. 1.16, it would appear that both Alnico 5 and M-S electrical steel would 
be useful in producing flux in unexcited magnetic circuits since they both have large 
values of remanent magnetization. That this is not the case can be best illustrated by 
an example. 


LExXapue 1.9 


As shown in Fig. 1.17, a magnetic circuit consists of a core of high permeability (4 — oo), 
an air gap of length g = 0.2 cm, and a section of magnetic material of length /,, = 1.0 cm. 
The cross-sectional area of the core and gap is equal to A, = A, = 4 cm’. Calculate the flux 
density B, in the air gap if the magnetic material is (@) Alnico 5 and (b) M-S electrical steel. 


@ Solution 
a. Since the core permeability is assumed infinite, H in the core is negligible. Recognizing 
that the mmf acting on the magnetic circuit of Fig. 1.17 is zero, we can write 


F =0= H,g + Aalm 


or 


where H, and H, are the magnetic field intensities in the air gap and the magnetic 
material, respectively. 
Since the flux must be continuous through the magnetic circuit, 


$ = A,B, = AnBr 


An 
a= (42) 
A, 


where B, and B,, are the magnetic flux densities in the air gap and the magnetic material, 


or 


respectively. 
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Figure 1.17 Magnetic circuit 
for Example 1.9. 


1.5 Permanent Magnets 


These equations can be solved to yield a linear relationship for B,, in terms of Hp, 
Ag Lin -6 
By = —Uo | — es Ay = —5 Uo Hm = —6.28 x 10° A, 


To solve for B,, we recognize that for Alnico 5, B, and H,, are also related by the 
curve of Fig. 1.16a. Thus this linear relationship, also known as a load line, can be plotted 
on Fig. 1.16a and the solution obtained graphically, resulting in 


B, = By = 0.30T 


b. The solution for M-5 electrical steel proceeds exactly as in part (a). The load line is the 
same as that of part (a) because it is determined only by the permeability of the air gap 
and the geometries of the magnet and the air gap. Hence from Fig. 1.16c 


B, = 3.8 x 10° T = 0.38 gauss 


which is much less than the value obtained with Alnico 5. 


Example 1.9 shows that there is an immense difference between permanent- 
magnet materials (often referred to as hard magnetic materials) such as Alnico 5 and 
soft magnetic materials such as M-S5 electrical steel. This difference is characterized 
in large part by the immense difference in their coercivities H,. The coercivity can 
be thought of as a measure of the magnitude of the mmf required to demagnetize 
the material. As seen from Example 1.9, it is also a measure of the capability of the 
material to produce flux in a magnetic circuit which includes an air gap. Thus we see 
that materials which make good permanent magnets are characterized by large values 
of coercivity H, (considerably in excess of 1 kA/m). 

A useful measure of the capability of permanent-magnet material is known as its 
maximum energy product. This corresponds to the largest B-H product (B — H) max, 
which corresponds to a point on the second quadrant of the hysteresis loop. As can 
be seen from Eq. 1.56, the product of B and H has the dimensions of energy density 
(joules per cubic meter). We now show that operation of a given permanent-magnet 
material at this point will result in the smallest volume of that material required to 
produce a given flux density in an air gap. As a result, choosing a material with the 
largest available maximum energy product can result in the smallest required magnet 
volume. 

In Example 1.9, we found an expression for the flux density in the air gap of the 
magnetic circuit of Fig. 1.17: 

Bg = An » (1.57) 
Ag 
We also found that the ratio of the mmf drops across the magnet and the air gap is 
equal to —1: 


Hgg 


=| (1.58) 


33 


34 


CHAPTER 1 Magnetic Circuits and Magnetic Materials 


Equation 1.58 can be solved for H,, and the result can be multiplied by jg to 
obtain By = uo Hg. Multiplying by Eq. 1.57 yields 


Bap (42) HyBm) 
= Ho — fim Dm 
gAg 


Vol ma 
= Lo (aa) (—HnBm) (1.59) 
Vol air gap 
or 
Vol,i B? 
Volmag = Pee i ve Te (1.60) 
o(—HmBm) 


where Volmag is the volume of the magnet, Voljjr gap is the air-gap volume, and the 
minus sign arises because, at the operating point of the magnetic circuit, H in the 
magnet (H,,) is negative. 

Equation 1.60 is the desired result. It indicates that to achieve a desired flux 
density in the air gap, the required volume of the magnet can be minimized by 
operating the magnet at the point of the largest possible value of the B-H product 
Ay Bm, 1.€., the point of maximum energy product. Furthermore, the larger the value 
of this product, the smaller the size of the magnet required to produce the desired flux 
density. Hence the maximum energy product is a useful performance measure for a 
magnetic material, and it is often found as a tabulated “figure of merit” on data sheets 
for permanent-magnet materials. 

Note that Eq. 1.59 appears to indicate that one can achieve an arbitrarily large 
air-gap flux density simply by reducing the air-gap volume. This is not true in practice 
because as the flux density in the magnetic circuit increases, a point will be reached 
at which the magnetic core material will begin to saturate and the assumption of 
infinite permeability will no longer be valid, thus invalidating the derivation leading 
to Eq. 1.59. 

Note also that a curve of constant B-H product is a hyperbola. A set of such 
hyperbolas for different values of the B-H product is plotted in Fig. 1.16a. From 
these curves, we see that the maximum energy product for Alnico 5 is 40 kJ/m? and 
that this occurs at the point B = 1.0 T and H = —40 kA/m. 


The magnetic circuit of Fig. 1.17 is modified so that the air-gap area is reduced to A, = 2.0cm’, 
as shown in Fig. 1.18. Find the minimum magnet volume required to achieve an air-gap flux 
density of 0.8 T. 


@ Solution 

The smallest magnet volume will be achieved with the magnet operating at its point of maxi- 
mum energy product, as shown in Fig. 1.16a. At this operating point, B,, = 1.0 T and H,, = 
—40 kA/m. 
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Figure 1.18 Magnetic circuit for Example 1.10. 


Thus from Eq. 1.57, 


and from Eq. 1.58 


0.8 
meen (a x 10-)(—40 x am) 


= 3.18cm 


Thus the minimum magnet volume is equal to 1.6 cm* x 3.18 cm = 5.09 cm’. 


Practice Problem 1.8 


Repeat Example 1.10 assuming the air-gap area is further reduced to A, = 1.8 cm’ and that 
the desired air-gap flux density is 0.6 T. 


Solution 


Minimum magnet volume = 2.58 cm’. 


1.6 APPLICATION OF PERMANENT 
MAGNET MATERIALS 


Examples 1.9 and 1.10 consider the operation of permanent magnetic materials under 
the assumption that the operating point can be determined simply from a knowledge 
of the geometry of the magnetic circuit and the properties of the various magnetic 
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Figure 1.19 Magnetization curves for common permanent-magnet materials. 


materials involved. In fact, the situation is more complex.® This section will expand 
upon these issues. 

Figure 1.19 shows the magnetization characteristics for a few common permanent 
magnet materials. Alnico 5 is a widely used alloy of iron, nickel, aluminum, and cobalt, 
originally discovered in 1931. It has a relatively large residual flux density. Alnico 8 
has a lower residual flux density and a higher coercivity than Alnico 5. Hence, it is 
less subject to demagnetization than Alnico 5. Disadvantages of the Alnico materials 
are their relatively low coercivity and their mechanical brittleness. 

Ceramic permanent magnet materials (also known as ferrite magnets) are made 
from iron-oxide and barium- or strontium-carbonate powders and have lower residual 
flux densities than Alnico materials but significantly higher coercivities. As a result, 
they are much less prone to demagnetization. One such material, Ceramic 7, is shown 
in Fig. 1.19, where its magnetization characteristic is almost a straight line. Ceramic 
magnets have good mechanical characteristics and are inexpensive to manufacture; 
as a result, they are the widely used in many permanent magnet applications. 


8 For a further discussion of permanent magnets and their application, see P. Campbell, Permanent 
Magnet Materials and Their Application, Cambridge University Press, 1994; R. J. Parker, Advances in 
Permanent Magnetism, John Wiley & Sons, 1990; A. Bosak, Permanent-Magnet DC Linear Motors, 
Clarendon Press-Oxford, 1996; G. R. Slemon and A. Straughen, Electric Machines, Addison-Wesley, 
1980, Secs 1.20-1.25; and T. J. E. Miller, Brushless Permanent-Magnet and Reluctance Motor Drives, 


Clarendon Press-Oxford, 1989, Chapter 3. 
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Samarium-cobalt represents a significant advance in permanent magnet technol- 
ogy which began in the 1960s with the discovery of rare earth permanent magnet 
materials. From Fig. 1.19 it can be seen to have a high residual flux density such as is 
found with the Alnico materials, while at the same time having a much higher coer- 
civity and maximum energy product. The newest of the rare earth magnetic materials 
is the neodymium-iron-boron material. It features even larger residual flux density, 
coercivity, and maximum energy product than does samarium-cobalt. 

Consider the magnetic circuit of Fig. 1.20. This includes a section of hard mag- 
netic material in a core of highly permeable soft magnetic material as well as an 
N-turn excitation winding. With reference to Fig. 1.21, we assume that the hard 
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Figure 1.20 Magnetic circuit 
including both a permanent magnet 
and an excitation winding. 


(0) 


H® Hinax HH, kA/m 
i@ ince iA 
Figure 1.21 Portion of a B-H characteristic showing a minor loop and a 
recoil line. 
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magnetic material is initially unmagnetized (corresponding to point a of the figure) 
and consider what happens as current is applied to the excitation winding. Because 
the core is assumed to be of infinite permeability, the horizontal axis of Fig. 1.21 can 
be considered to be both a measure of the applied current i = H1,,/N as well as a 
measure of H in the magnetic material. 

As the current i is increased to its maximum value, the B-H trajectory rises from 
point a in Fig. 1.21 toward its maximum value at point b. To fully magnetize the 
material, we assume that the current has been increased to a value imax sufficiently 
large that the material has been driven well into saturation at point b. When the current 
is then decreased to zero, the B-H characteristic will begin to form a hysteresis loop, 
arriving at point c at zero current. At point c, notice that H in the material is zero but 
B is at its remanent value B,. 

As the current then goes negative, the B-H characteristic continues to trace out 
a hysteresis loop. In Fig. 1.21, this is seen as the trajectory between points c and d. 
If the current is then maintained at the value —i@, the operating point of the magnet 
will be that of point d. Note that, as in Example 1.9, this same operating point would 
be reached if the material were to start at point c and, with the excitation held at zero, 
an air gap of length g = Im(Ag/Am)(—oH ® /B™) were then inserted in the core. 

Should the current then be made more negative, the trajectory would continue 
tracing out the hysteresis loop toward point e. However, if instead the current is 
returned to zero, the trajectory does not in general retrace the hysteresis loop toward 
point c. Rather it begins to trace out a minor hysteresis loop, reaching point f when 
the current reaches zero. If the current is then varied between zero and —i@ , the B-H 
characteristic will trace out the minor loop as shown. 

As can be seen from Fig. 1.21, the B-H trajectory between points d and fcan be 
represented by a straight line, known as the recoil line. The slope of this line is called 
the recoil permeability 1p. We see that once this material has been demagnetized to 
point d, the effective remanent magnetization of the magnetic material is that of point 
f which is less than the remanent magnetization B, which would be expected based 
on the hysteresis loop. Note that should the demagnetization be increased past point 
d, for example, to point e of Fig. 1.21, a new minor loop will be created, with a new 
recoil line and recoil permeability. 

The demagnetization effects of negative excitation which have just been discussed 
are equivalent to those of an air gap in the magnetic circuit. For example, clearly the 
magnetic circuit of Fig. 1.20 could be used as a system to magnetize hard magnetic 
materials. The process would simply require that a large excitation be applied to the 
winding and then reduced to zero, leaving the material at a remanent magnetization 
B, (point c in Fig. 1.21). 

Following this magnetization process, if the material were removed from the 
core, this would be equivalent to opening a large air gap in the magnetic circuit, 
demagnetizing the material in a fashion similar to that seen in Example 1.9. At this 
point, the magnet has been effectively weakened, since if it were again inserted in the 
magnetic core, it would follow a recoil line and return to a remanent magnetization 
somewhat less than B,. As a result, hard magnetic materials, such as the Alnico ma- 
terials of Fig. 1.19, often do not operate stably in situations with varying mmf and 
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geometry, and there is often the risk that improper operation can significantly demag- 
netize them. A significant advantage of materials such as Ceramic 7, samarium-cobalt 
and neodymium-iron-boron is that, because of their “straight-line” characteristic in 
the second quadrant (with slope close to jg), their recoil lines closely match their 
magnetization characteristic. As a result, demagnetization effects are significantly 
reduced in these materials and often can be ignored. 

At the expense of a reduction in value of the remanent magnetization, hard 
magnetic materials can be stabilized to operate over a specified region. This procedure, 
based on the recoil trajectory shown in Fig. 1.21, can best be illustrated by an example. 
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Figure 1.22 shows a magnetic circuit containing hard magnetic material, a core and plunger of 
high (assumed infinite) permeability, and a single-turn winding which will be used to magnetize 
the hard magnetic material. The winding will be removed after the system is magnetized. The 
plunger moves in the x direction as indicated, with the result that the air-gap area can vary 
(2cm? < A, <4 cm’). Assuming that the hard magnetic material is Alnico 5 and that the system 
is initially magnetized with A, = 2.cm, (a) find the magnet length /,, such that the system will 
operate on a recoil line which intersects the maximum B-H product point on the magnetization 
curve for Alnico 5, (b) devise a procedure for magnetizing the magnet, and (c) calculate the 
flux density B, in the air gap as the plunger moves back and forth and the air gap varies between 
these two limits. 


@ Solution 

a. Figure 1.23a shows the magnetization curve for Alnico 5 and two load lines 
corresponding to the two extremes of the air gap, A, = 2 cm* and A, = 4cm”. We see 
that the system will operate on the desired recoil line if the load line for A, = 2. cm? 
intersects the B-H characteristic at the maximum energy product point (labeled point a in 
Fig. 1.23a), B® = 1.0 Tand H® = —40 kA/m. 
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Figure 1.22 Magnetic circuit for Example 1.11. 
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Figure 1.23 (a) Magnetization curve for Alnico 5 for Example 1.11; (b) series of load 
lines for Ag = 2 cm? and varying values of / showing the magnetization procedure for 
Example 1.11. 
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From Eqs. 1.57 and 1.58, we see that the slope of the required load line is given by 


BO By Ag ln 
—H® H, Am & 


] Am Bo 
mn = § A. =i H® 
g Hotdm 


2 1.0 
= 0.2 = = 3. 
7 G) (a5 x 107x 4x x) gece 


. Figure 1,23b shows a series of load lines for the system with A, = 2 cm? and with 
current i applied to the excitation winding. The general equation for these load lines can 
be readily derived since from Eq. 1.5 


and thus 


Ni = Halm + Weg 
and from Eqs. 1.3 and 1.7 


By Am = BgAg = loHgAg 


A | is [oN A 
B.=- pal ")H —& |; 
m Lo (") (*) moe Z Cal 
: 2\ (3:98), , 100 (2), 
a 2/)\02/ °°" 2x10 \2)° 


= —2.50 x 10° Hn + 6.28 x 10777 


Thus 


From this equation and Fig. 1.23b, we see that to drive the magnetic material into 
saturation to the point Bnax — Hmax, the current in the magnetizing winding must be 
increased to the value ima, where 


__ Bax + 2.50 x 107 Honan 


as 6.28 x 102 


In this case, we do not have a complete hysteresis loop for Alnico 5, and hence we 
will have to estimate By, and Hy,x. Linearly extrapolating the B-H curve at H = 0 back 
to 4 times the coercivity, that is, Hnax = 4 x 50 = 200 kA/m, yields By, = 2.1 T. This 
value is undoubtedly extreme and will overestimate the required current somewhat. 
However, using B,,,, = 2.1 T and Aya. = 200 kA/m yields imax = 45.2 A. 

Thus with the air-gap area set to 2 cm’, increasing the current to 45.2 A and then 
reducing it to zero will achieve the desired magnetization. 

. Because we do not have specific information about the slope of the recoil line, we shall 
assume that its slope is the same as that of the B-H characteristic at the point H = 0, 

B = B,. From Fig. 1.23a, with the recoil line drawn with this slope, we see that as the 
air-gap area varies between 2 and 4 cm’, the magnet flux density B,, varies between 1.00 
and 1.08 T. Since the air-gap flux density equals A,,/A, times this value, the airgap flux 
density will equal (2/2)1.00 = 1.0 T when A, = 2.0cm? and (2/4)1.08 = 0.54 T when 
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A, = 4.0cm’. Note from Fig. 1.23a that, when operated with these air-gap variations, the 
magnet appears to have an effective residual flux density of 1.17 T instead of the initial 
value of 1.24 T. Note that as long as the air-gap variation is limited to the range considered 
here, the system will continue to operate on the line labeled “Recoil line” in Fig. 1.23a and 
the magnet can be said to be stabilized. 


As has been discussed, hard magnetic materials such as Alnico 5 can be subject 
to demagnetization, should their operating point be varied excessively. As shown in 
Example 1.11, these materials can be stabilized with some loss in effective remanent 
magnetization. However, this procedure does not guarantee absolute stability of op- 
eration. For example, if the material in Example 1.11 were subjected to an air-gap 
area smaller than 2 cm? or to excessive demagnetizing current, the effect of the stabi- 
lization would be erased and the material would be found to operate on a new recoil 
line with further reduced magnetization. 

However, many materials, such as samarium-cobalt, Ceramic 7, and neodymium- 
iron-boron (see Fig. 1.19), which have large values of coercivity, tend to have very 
low values of recoil permeability, and the recoil line is essentially tangent to the B-H 
characteristic for a large portion of the useful operating region. For example, this can 
be seen in Fig. 1.19, which shows the dc magnetization curve for neodymium-iron- 
boron, from which we see that this material has a remanent magnetization of 1.25 T 
and a coercivity of —940 kA/m. The portion of the curve between these points is a 
straight line with a slope equal to 1.06j9, which is the same as the slope of its recoil 
line. As long as these materials are operated on this low-incremental-permeability 
portion of their B-H characteristic, they do not require stabilization, provided they 
are not excessively demagnetized. 

For these materials, it is often convenient to assume that their dc magnetization 
curve is linear over their useful operating range with a slope equal to the recoil per- 
meability 4p. Under this assumption, the dc magnetization curve for these materials 
can be written in the form 


B= upR(H — HH) = Be +urRH (1.61) 


Here, H is the apparent coercivity associated with this linear representation. As 
can be seen from Fig. 1.19, the apparent coercivity is typically somewhat larger in 
magnitude (i.e. a larger negative value) than the material coercivity H. because the dc 
magnetization characteristic tends to bend downward for low values of flux density. 


1.7 SUMMARY 


Electromechanical devices which employ magnetic fields often use ferromagnetic 
materials for guiding and concentrating these fields. Because the magnetic perme- 
ability of ferromagnetic materials can be large (up to tens of thousands times that of 
the surrounding space), most of the magnetic flux is confined to fairly well-defined 
paths determined by the geometry of the magnetic material. In addition, often the 
frequencies of interest are low enough to permit the magnetic fields to be considered 
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quasi-static, and hence they can be determined simply from a knowledge of the net 
mmf acting on the magnetic structure. 

As aresult, the solution for the magnetic fields in these structures can be obtained 
in a straightforward fashion by using the techniques of magnetic-circuit analysis. 
These techniques can be used to reduce a complex three-dimensional magnetic field 
solution to what is essentially a one-dimensional problem. As in all engineering 
solutions, a certain amount of experience and judgment is required, but the technique 
gives useful results in many situations of practical engineering interest. 

Ferromagnetic materials are available with a wide variety of characteristics. In 
general, their behavior is nonlinear, and their B- H characteristics are often represented 
in the form of a family of hysteresis (B-) loops. Losses, both hysteretic and eddy- 
current, are functions of the flux level and frequency of operation as well as the 
material composition and the manufacturing process used. A basic understanding of 
the nature of these phenomena is extremely useful in the application of these materials 
in practical devices. Typically, important properties are available in the form of curves 
supplied by the material manufacturers. 

Certain magnetic materials, commonly known as hard or permanent-magnet ma- 
terials, are characterized by large values of remanent magnetization and coercivity. 
These materials produce significant magnetic flux even in magnetic circuits with air 
gaps. With proper design they can be made to operate stably in situations which 
subject them to a wide range of destabilizing forces and mmf’s. Permanent magnets 
find application in many small devices, including loudspeakers, ac and dc motors, 
microphones, and analog electric meters. 


1.8 PROBLEMS 


1.1 A magnetic circuit with a single air gap is shown in Fig. 1.24. The core 
dimensions are: 
Cross-sectional area A, = 1.8 x 1073 m? 
Mean core length /, = 0.6m 
Gap length g = 2.3 x 10-3 m 
N = 83 turns 


Core: 
mean length /., 
area A,,, 


permeability jz 


N turns 


Figure 1.24 Magnetic circuit for 
Problem 1.1. 
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1.2 
1.3 


1.4 
1.5 


1.6 


Assume that the core is of infinite permeability (44 — oo) and neglect the 
effects of fringing fields at the air gap and leakage flux. (a) Calculate the 
reluctance of the core 7, and that of the gap R,. For a current of i = 1.5 A, 
calculate (b) the total flux ¢, (c) the flux linkages A of the coil, and (d) the coil 
inductance L. 

Repeat Problem 1.1 for a finite core permeability of « = 25000. 

Consider the magnetic circuit of Fig. 1.24 with the dimensions of 

Problem 1.1. Assuming infinite core permeability, calculate (a) the number of 
turns required to achieve an inductance of 12 mH and (5) the inductor current 
which will result in a core flux density of 1.0 T. 

Repeat Problem 1.3 for a core permeability of 4 = 13000. 

The magnetic circuit of Problem 1.1 has a nonlinear core material whose 
permeability as a function of B,, is given by 


( 3499 ) 
M=eMo(1+ 
V 1+ 0.047(B,)78 
where B,, is the material flux density. 
a. Using MATLAB, plot a dc magnetization curve for this material (By, vs. 
Hy) over the range 0 < By, < 2.2 T. 
b. Find the current required to achieve a flux density of 2.2 T in the core. 
c. Again, using MATLAB, plot the coil flux linkages as a function of coil 
current as the current is varied from 0 to the value found in part (b). 
The magnetic circuit of Fig. 1.25 consists of a core and a moveable plunger of 
width /,, each of permeability 4. The core has cross-sectional area A, and 
mean length /,. The overlap area of the two air gaps Ag is a function of the 
plunger position x and can be assumed to vary as 


You may neglect any fringing fields at the air gap and use approximations 
consistent with magnetic-circuit analysis. 


a. Assuming that 44 — oo, derive an expression for the magnetic flux 
density in the air gap B, as a function of the winding current J and as the 
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mean length /., 


Xo — ! area A,, 


Plunger 


Figure 1.25 Magnetic circuit for Problem 1.6. 


1.7 


1.8 


1.9 
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plunger position is varied (0 < x < 0.8X0). What is the corresponding 
flux density in the core? 
b. Repeat part (a) for a finite permeability uw. 
The magnetic circuit of Fig. 1.25 and Problem 1.6 has the following 
dimensions: 


A, =8.2cm? 1, = 23cm 
lL=2.8c;m g=0.8mm 
Xo =2.5cm N = 430 turns 


a. Assuming a constant permeability of 4 = 2800j10, calculate the current 
required to achieve a flux density of 1.3 T in the air gap when the plunger 
is fully retracted (x = 0). 

b. Repeat the calculation of part (a) for the case in which the core and 
plunger are composed of a nonlinear material whose permeability is given 
by 


oe ie 1199 
AON OOS BS 
where B,, is the magnetic flux density in the material. 
c. For the nonlinear material of part (b), use MATLAB to plot the air-gap 
flux density as a function of winding current for x = O and x = 0.5Xo. 

An inductor of the form of Fig. 1.24 has dimensions: 

Cross-sectional area A, = 3.6 cm? 

Mean core length /, = 15 cm 

N = 75 turns 
Assuming a core permeability of 4 = 21009 and neglecting the effects of 
leakage flux and fringing fields, calculate the air-gap length required to 
achieve an inductance of 6.0 mH. 
The magnetic circuit of Fig. 1.26 consists of rings of magnetic material in a 
stack of height 4. The rings have inner radius R; and outer radius R,. Assume 
that the iron is of infinite permeability (4 — oo) and neglect the effects of 
magnetic leakage and fringing. For: 

R; =3.4cm 

R, = 4.0 cm 

h=2cm 

g =0.2cm 
calculate: 
a. the mean core length /, and the core cross-sectional area Ag. 
b. the reluctance of the core R, and that of the gap Rg. 
For N = 65 turns, calculate: 
c. the inductance L. 
d. current i required to operate at an air-gap flux density of B, = 1.35T. 
e. the corresponding flux linkages A of the coil. 
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Figure 1.26 Magnetic circuit for 
Problem 1.9. 


Repeat Problem 1.9 for a core permeability of ~ = 7500. 

Using MATLAB, plot the inductance of the inductor of Problem 1.9 as a 
function of relative core permeability as the core permeability varies for 

Lt, = 100 to x, = 10000. (Hint: Plot the inductance versus the log of the 
relative permeability.) What is the minimum relative core permeability 
required to insure that the inductance is within 5 percent of the value 
calculated assuming that the core permeability is infinite? 

The inductor of Fig. 1.27 has a core of uniform circular cross-section of area 
Ac, mean length /, and relative permeability jz, and an N-turn winding. Write 
an expression for the inductance L. 

The inductor of Fig. 1.27 has the following dimensions: 


A, = 1.0 cm? 
l= 15cm 

g =0.8mm 
N = 480 turns 


Neglecting leakage and fringing and assuming fz, = 1000, calculate the 
inductance. 
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Figure 1.27 
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Inductor for Problem 1.12. 
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N-turn 


winding 


Figure 1.28 Pot-core inductor for Problem 1.15. 


1.14 The inductor of Problem 1.13 is to be operated from a 60-Hz voltage source. 


1.15 


(a) Assuming negligible coil resistance, calculate the rms inductor voltage 
corresponding to a peak core flux density of 1.5 T. (b) Under this operating 
condition, calculate the rms current and the peak stored energy. 
Consider the magnetic circuit of Fig. 1.28. This structure, known as a 
pot-core, is typically made in two halves. The N-turn coil is wound ona 
cylindrical bobbin and can be easily inserted over the central post of the core 
as the two halves are assembled. Because the air gap is internal to the core, 
provided the core is not driven excessively into saturation, relatively little 
magnetic flux will “leak” from the core, making this a particularly attractive 
configuration for a wide variety of applications, both for inductors such as that 
of Fig. 1.27 and transformers. 

Assume the core permeability to be 2 = 25009 and N = 200 turns. The 
following dimensions are specified: 


R,;=1.5cm R2=4cem 1=2.5cm 
h=0.75cm g=0.5mm 


a. Find the value of R3 such that the flux density in the outer wall of the core 
is equal to that within the central cylinder. 

b. Although the flux density in the radial sections of the core (the sections of 
thickness h) actually decreases with radius, assume that the flux density 
remains uniform. (i) Write an expression for the coil inductance and 
(ii) evaluate it for the given dimensions. 

c. The core is to be operated at a peak flux density of 0.8 T at a frequency of 
60 Hz. Find (i) the corresponding rms value of the voltage induced in the 
winding, (ii) the rms coil current, and (iii) the peak stored energy. 

d. Repeat part (c) for a frequency of 50 Hz. 
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Figure 1.29 [nductor for Probiem 1.17. 


A square voltage wave having a fundamental frequency of 60 Hz and equal 
positive and negative half cycles of amplitude E is applied to a 1000-turn 
winding surrounding a closed iron core of 1.25 x 10~*m? cross section. 
Neglect both the winding resistance and any effects of leakage flux. 


a. Sketch the voltage, the winding flux linkage, and the core flux as a 
function of time. 


b. Find the maximum permissible value of E if the maximum flux density is 
not to exceed 1.15 T. 


An inductor is to be designed using a magnetic core of the form of that of 
Fig. 1.29. The core is of uniform cross-sectional area A, = 5.0 cm? and of 
mean length /, = 25 cm. 


a. Calculate the air-gap length g and the number of turns N such that the 
inductance is 1.4 mH and so that the inductor can operate at peak currents 
of 6 A without saturating. Assume that saturation occurs when the peak 
flux density in the core exceeds 1.7 T and that, below saturation, the core 
has permeability ~ = 32000. 


b. For an inductor current of 6 A, use Eq. 3.21 to calculate (7) the magnetic 
stored energy in the air gap and (ii) the magnetic stored energy in the core. 
Show that the total magnetic stored energy is given by Eq. 1.47. 


Consider the inductor of Problem 1.17. Write a simple design program in the 
form of a MATLAB script to calculate the number of turns and air-gap length 
as a function of the desired inductance. The script should be written to request 
a value of inductance (in mH) from the user, with the output being the air-gap 
length in mm and the number of turns. 

The inductor is to be operated with a sinusoidal current at 60 Hz, and it 
must be designed such that the peak core flux density will be equal to 1.7 T 
when the inductor current is equal to 4.5 A rms. Write your script to reject any 
designs for which the gap length is out of the range of 0.05 mm to 5.0 mm or 
for which the number of turns drops below 5. 

Using your program find (a) the minimum and (b) the maximum 
inductances (to the nearest mH) which will satisfy the given constraints. For 
each of these values, find the required air-gap length and the number of turns 
as well as the rms voltage corresponding to the peak core flux. 
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Figure 1.30 Toroidal winding for Problem 1.19. 


A proposed energy storage mechanism consists of an N-turn coil wound 
around a large nonmagnetic (4 = (49) toroidal form as shown in Fig. 1.30. As 
can be seen from the figure, the toroidal form has a circular cross section of 
radius a and toroidal radius r, measured to the center of the cross section. The 
geometry of this device is such that the magnetic field can be considered to be 
zero everywhere outside the toroid. Under the assumption that a < r, the H 
field inside the toroid can be considered to be directed around the toroid and 
of uniform magnitude 

Ni 


2nr 
For a coil with N = 1000 turns, r = 10 m, and a = 0.45 m: 

a. Calculate the coil inductance L. 

b. The coil is to be charged to a magnetic flux density of 1.75 T. Calculate 
the total stored magnetic energy in the torus when this flux density is 
achieved. 

c. If the coil is to be charged at a uniform rate (i.e., di/dt = constant), 
calculate the terminal voltage required to achieve the required flux density 
in 30 sec. Assume the coil resistance to be negligible. 

Figure 1.31 shows an inductor wound on a laminated iron core of rectangular 

cross section. Assume that the permeability of the iron is infinite. Neglect 

magnetic leakage and fringing in the two air gaps (total gap length = g). The 

N-turn winding is insulated copper wire whose resistivity is o Q-m. Assume 
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Figure 1.31  [ron-core inductor for 
Problem 1.20. 
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1.21 


1.22 


that the fraction f, of the winding space is available for copper; the rest of the 

space is used for insulation. 

a. Calculate the cross-sectional area and volume of the copper in the 
winding space. 

b. Write an expression for the flux density B in the inductor in terms of the 
current density J,y in the copper winding. 

c. Write an expression for the copper current density J,y in terms of the coil 
current /, the number of turns N, and the coil geometry. 

d. Derive an expression for the electric power dissipation in the coil in terms 
of the current density Jiu. 

e. Derive an expression for the magnetic stored energy in the inductor in 
terms of the applied current density Jy. 

f. From parts (d) and (e) derive an expression for the L/R time constant of 
the inductor. Note that this expression is independent of the number of 
turns in the coil and does not change as the inductance and coil resistance 
are changed by varying the number of turns. 

The inductor of Fig. 1.31 has the following dimensions: 


a=h=w=15cm b=2cm g=0.2cm 


The winding factor (i.e., the fraction of the total winding area occupied 
by conductor) is fy = 0.55. The resistivity of copper is 1.73 x 1078 Q-m. 
When the coil is operated with a constant dc applied voltage of 35 V, the 
air-gap flux density is measured to be 1.4 T. Find the power dissipated in the 
coil, coil current, number of turns, coil resistance, inductance, time constant, 
and wire size to the nearest standard size. (Hint: Wire size can be found from 
the expression 


1.267 x 10-8 


where AWG is the wire size, expressed in terms of the American Wire Gauge, 
and A wire is the conductor cross-sectional area measured in m?.) 

The magnetic circuit of Fig. 1.32 has two windings and two air gaps. The core 
can be assumed to be of infinite permeability. The core dimensions are 
indicated in the figure. 


Aw; 
AWG = 36 — 4.312 In (ae) 


a. Assuming coil | to be carrying a current 7, and the current in coil 2 to be 
zero, Calculate (i) the magnetic flux density in each of the air gaps, (ii) the 
flux linkage of winding 1, and (iii) the flux linkage of winding 2. 

b. Repeat part (a), assuming zero current in winding | and a current /) in 
winding 2. 

c. Repeat part (a), assuming the current in winding | to be /; and the current 
in winding 2 to be Jy. 


d. Find the self-inductances of windings 1 and 2 and the mutual inductance 


between the windings. 
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Figure 1.32 Magnetic circuit for Problem 1.22. 
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Figure 1.33 Symmetric magnetic circuit for Problem 1.23. 


1.23 The symmetric magnetic circuit of Fig. 1.33 has three windings. Windings A 
and B each have N turns and are wound on the two bottom legs of the core. 
The core dimensions are indicated in the figure. 


1.24 


a. 
b. 
o 


Find the self-inductances of each of the windings. 
Find the mutual inductances between the three pairs of windings. 


Find the voltage induced in winding 1 by time-varying currents i, (rt) and 
ig(t) in windings A and B. Show that this voltage can be used to measure 
the imbalance between two sinusoidal currents of the same frequency. 


The reciprocating generator of Fig. 1.34 has a movable plunger (position x) 
which is supported so that it can slide in and out of the magnetic yoke while 
maintaining a constant air gap of length g on each side adjacent to the yoke. 
Both the yoke and the plunger can be considered to be of infinite permeability. 
The motion of the plunger is constrained such that its position is limited to 
O<x<w. 


51 


1.25 


CHAPTER 1. Magnetic Circuits and Magnetic Materials 


[L—> CO 


Yoke 
= Depth D 


Plunger 


x(t) = — (1 + € sin wt) 


Figure 1.34 Reciprocating generator for Problem 1.24. 


There are two windings on this magnetic circuit. The first has N; turns 
and carries a constant dc current Jp. The second, which has N> turns, is 
open-circuited and can be connected to a load. 

a. Neglecting any fringing effects, find the mutual inductance between 

windings 1 and 2 as a function of the plunger position x. 

b. The plunger is driven by an external source so that its motion is given by 


w(1+€sinat) 
2 


where € < 1. Find an expression for the sinusoidal voltage which is 
generated as a result of this motion. 


x= 


Figure 1.35 shows a configuration that can be used to measure the magnetic 
characteristics of electrical steel. The material to be tested is cut or punched 
into circular laminations which are then stacked (with interspersed insulation 
to avoid eddy-current formation). Two windings are wound over this stack of 
laminations: the first, with N; turns, is used to excite a magnetic field in the 
lamination stack; the second, with N2 turns, is used to sense the resultant 
magnetic flux. 

The accuracy of the results requires that the magnetic flux density be 
uniform within the laminations. This can be accomplished if the lamination 
width t = R, — Rj is much smaller than the lamination radius and if the 
excitation winding is wound uniformly around the lamination stack. For the 
purposes of this analysis, assume there are n laminations, each of thickness A. 
Also assume that winding | is excited by acurrent i; = Jp sinat. 

a. Find the relationship between the magnetic field intensity H in the 

laminations and current i; in winding 1. 

b. Find the relationship between the voltage v2 and the time rate of change 
of the flux density B in the laminations. 


c. Find the relationship between the voltage vp = G f v2 dt and the flux 
density. 
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Figure 1.35 Configuration for measurement of magnetic properties of 
electrical steel. 


In this problem, we have shown that the magnetic field intensity H and 
the magnetic flux density B in the laminations are proportional to the current 
i; and the voltage v2 by known constants. Thus, B and H in the magnetic steel 
can be measured directly, and the B-H characteristics as discussed in 
Sections 1.3 and 1.4 can be determined. 

From the dc magnetization curve of Fig. 1.10 it is possible to calculate the 
relative permeability u, = B,/({1oH.) for M-5 electrical steel as a function of 
the flux level B,. Assuming the core of Fig. 1.2 to be made of M-5 electrical 
steel with the dimensions given in Example 1.1, calculate the maximum flux 
density such that the reluctance of the core never exceeds 5 percent of the 
reluctance of the total magnetic circuit. 
In order to test the properties of a sample of electrical steel, a set of 
laminations of the form of Fig. 1.35 have been stamped out of a sheet of the 
electrical steel of thickness 3.0 mm. The radii of the laminations are 
R; = 75 mm and Ry, = 82 mm. They have been assembled in a stack of 10 
laminations (separated by appropriate insulation to eliminate eddy currents) 
for the purposes of testing the magnetic properties at a frequency of 100 Hz. 
a. The flux in the lamination stack will be excited from a variable-amplitude, 
100-Hz voltage source whose peak amplitude is 30 V (peak-to-peak). 

Calculate the number of turns N, for the excitation winding required to 

insure that the lamination stack can be excited up to a peak flux density of 

2.0: 1; 

b. With a secondary winding of Nz = 20 turns and an integrator gain 

G = 1000, the output of the integrator is observed to be 7.0 V 
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Figure 1.36 Magnetic circuit for 
Problem 1.28. 


peak-to-peak. Calculate (i) the corresponding peak flux in the lamination 
stack and (ii) the corresponding amplitude of the voltage applied to the 
excitation winding. 

1.28 The coils of the magnetic circuit shown in Fig. 1.36 are connected in series so 
that the mmf’s of paths A and B both tend to set up flux in the center leg C in 
the same direction. The coils are wound with equal turns, N; = Nz = 100. 
The dimensions are: 

Cross-section area of A and B legs = 7 cm? 
Cross-section area of C legs = 14 cm? 
Length of A path = 17 cm 
Length of B path = 17 cm 
Length of C path = 5.5 cm 
Air gap = 0.4 cm 
The material is M-5 grade, 0.012-in steel, with a stacking factor of 0.94. 
Neglect fringing and leakage. 
a. How many amperes are required to produce a flux density of 1.2 T in the 
air gap? 
b. Under the condition of part (a), how many joules of energy are stored in 
the magnetic field in the air gap? 
c. Calculate the inductance. 


1.29 The following table includes data for the top half of a symmetric 60-Hz 
hysteresis loop for a specimen of magnetic steel: 


BT 0 0.2 0.4 0.60.7 08 0.9 1.0 0.95 0.908 0.7 06 04 02 0 
H,A-turns/m 48 52 58 73 85 103 135 193 80 42 2 -—18 —29 —40 —45 —48 


Using MATLAB, (a) plot this data, (b) calculate the area of the hysteresis 
loop in joules, and (c) calculate the corresponding 60-Hz core loss in 
Watts/kg. The density of M-5 steel is 7.65 g/cm’. 

1.30 Assume the magnetic circuit of Problem 1.1 and Fig. 1.24 to be made up of 
M-5 electrical steel with the properties described in Figs. 1.10, 1.12, and 1.14. 
Assume the core to be operating with a 60-Hz sinusoidal flux density of the 


1.31 


1.32 


1.33 


1.34 
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rms flux density of 1.1 T. Neglect the winding resistance and leakage 
inductance. Find the winding voltage, rms winding current, and core loss for 
this operating condition. The density of M-5 steel is 7.65 g/cm’. 
Repeat Example 1.8 under the assumption that all the core dimensions are 
doubled. 
Using the magnetization characteristics for samarium cobalt given in 
Fig. 1.19, find the point of maximum energy product and the corresponding 
flux density and magnetic field intensity. Using these values, repeat 
Example 1.10 with the Alnico 5 magnet replaced by a samarium-cobalt 
magnet. By what factor does this reduce the magnet volume required to 
achieve the desired air-gap flux density? 
Using the magnetization characteristics for neodymium-iron-boron given in 
Fig. 1.19, find the point of maximum-energy product and the corresponding 
flux density and magnetic field intensity. Using these values, repeat 
Example 1.10 with the Alnico 5 magnet replaced by a neodymium-iron-boron 
magnet. By what factor does this reduce the magnet volume required to 
achieve the desired air-gap flux density? 
Figure 1.37 shows the magnetic circuit for a permanent-magnet loudspeaker. 
The voice coil (not shown) is in the form of a circular cylindrical coil which 
fits in the air gap. A samarium-cobalt magnet is used to create the air-gap dc 
magnetic field which interacts with the voice coil currents to produce the 
motion of the voice coil. The designer has determined that the air gap must 
have radius R = 1.8 cm, length g = 0.1 cm, and height h = 0.9 cm. 

Assuming that the yoke and pole piece are of infinite magnetic 
permeability (tu — oo), find the magnet height 4, and the magnet radius Ry, 
that will result in an air-gap magnetic flux density of 1.2 T and require the 
smallest magnet volume. 

(Hint: Refer to Example 1.10 and to Fig. 1.19 to find the point of 
maximum energy product for samarium cobalt.) 


Figure 1.37 Magnetic circuit for the loudspeaker 
of Problem 1.34 (voice coil not shown). 
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Figure 1.38 Magnetic circuit for 
Problem 1.35. 


1.35 It is desired to achieve a time-varying magnetic flux density in the air gap of 
the magnetic circuit of Fig. 1.38 of the form 


B, = By + By sinot 


where Bo = 0.5 T and B; = 0.25 T. The dc field Bo is to be created by a 

neodimium-iron-boron magnet, whereas the time-varying field is to be created 

by a time-varying current. 
For A, = 6 cm’, g = 0.4 cm, and N = 200 turns, find: 

a. the magnet length d and the magnet area A,, that will achieve the desired 
dc air-gap flux density and minimize the magnet volume. 

b. the minimum and maximum values of the time-varying current required to 
achieve the desired time-varying air-gap flux density. Will this current 
vary sinusoidally in time? 


CHAPT 


Transformers 


efore we proceed with a study of electric machinery, it is desirable to discuss 
certain aspects of the theory of magnetically-coupled circuits, with emphasis 
on transformer action. Although the static transformer is not an energy con- 
version device, it is an indispensable component in many energy conversion systems. 
A significant component of ac power systems, it makes possible electric generation at 
the most economical generator voltage, power transfer at the most economical trans- 
mission voltage, and power utilization at the most suitable voltage for the particular 
utilization device. The transformer is also widely used in low-power, low-current elec- 
tronic and control circuits for performing such functions as matching the impedances 
of a source and its load for maximum power transfer, isolating one circuit from another, 
or isolating direct current while maintaining ac continuity between two circuits. 
The transformer is one of the simpler devices comprising two or more electric 
circuits coupled by a common magnetic circuit. Its analysis involves many of the 
principles essential to the study of electric machinery. Thus, our study of the trans- 
former will serve as a bridge between the introduction to magnetic-circuit analysis of 
Chapter 1 and the more detailed study of electric machinery to follow. 


2.1 INTRODUCTION TO TRANSFORMERS 


Essentially, a transformer consists of two or more windings coupled by mutual mag- 
netic flux. If one of these windings, the primary, is connected to an alternating-voltage 
source, an alternating flux will be produced whose amplitude will depend on the pri- 
mary voltage, the frequency of the applied voltage, and the number of turns. The 
mutual flux will link the other winding, the secondary,! and will induce a voltage in it 


' Tt is conventional to think of the “input” to the transformer as the primary and the “output” as the 
secondary. However, in many applications, power can flow either way and the concept of primary and 
secondary windings can become confusing. An alternate terminology, which refers to the windings as 
“high-voltage” and “low-voltage,” is often used and eliminates this confusion. 
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whose value will depend on the number of secondary turns as well as the magnitude of 
the mutual flux and the frequency. By properly proportioning the number of primary 
and secondary turns, almost any desired voltage ratio, or ratio of transformation, can 
be obtained. 

The essence of transformer action requires only the existence of time-varying 
mutual flux linking two windings. Such action can occur for two windings coupled 
through air, but coupling between the windings can be made much more effectively 
using a core of iron or other ferromagnetic material, because most of the flux is then 
confined to a definite, high-permeability path linking the windings. Such a transformer 
is commonly called an iron-core transformer. Most transformers are of this type. The 
following discussion is concerned almost wholly with iron-core transformers. 

As discussed in Section 1.4, to reduce the losses caused by eddy currents in the 
core, the magnetic circuit usually consists of a stack of thin laminations. Two common 
types of construction are shown schematically in Fig. 2.1. In the core type (Fig. 2.1a) 
the windings are wound around two legs of a rectangular magnetic core; in the shell 
type (Fig. 2.1b) the windings are wound around the center leg of a three-legged core. 
Silicon-steel laminations 0.014 in thick are generally used for transformers operating 
at frequencies below a few hundred hertz. Silicon steel has the desirable properties 
of low cost, low core loss, and high permeability at high flux densities (1.0 to 1.5 T). 
The cores of small transformers used in communication circuits at high frequencies 
and low energy levels are sometimes made of compressed powdered ferromagnetic 
alloys known as ferrites. 

In each of these configurations, most of the flux is confined to the core and 
therefore links both windings. The windings also produce additional flux, known as 
leakage flux, which links one winding without linking the other. Although leakage 
flux is a small fraction of the total flux, it plays an important role in determining 
the behavior of the transformer. In practical transformers, leakage is reduced by 
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Figure 2.1 Schematic views of (a) core-type and (b) shell-type 
transformers. 
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subdividing the windings into sections placed as close together as possible. In the 
core-type construction, each winding consists of two sections, one section on each of 
the two legs of the core, the primary and secondary windings being concentric coils. 
In the shell-type construction, variations of the concentric-winding arrangement may 
be used, or the windings may consist of a number of thin “pancake” coils assembled 
in a stack with primary and secondary coils interleaved. 

Figure 2.2 illustrates the internal construction of a distribution transformer such 
as is used in public utility systems to provide the appropriate voltage for use by 
residential consumers. A large power transformer is shown in Fig. 2.3. 


Figure 2.2 Cutaway view of self-protected 
distribution transformer typical of sizes 2 to 25 kVA, 
7200:240/120 V. Only one high-voltage insulator and 
lightning arrester is needed because one side of the 
7200-V line and one side of the primary are grounded. 
(General Electric Company.) 
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Figure 2.3 A 660-MVA three-phase 50-Hz transformer used to 
step up generator voltage of 20 kV to transmission voltage of 
405 kV. (CEM Le Havre, French Member of the Brown Boveri 


Corporation.) 


2.2 NO-LOAD CONDITIONS 


Figure 2.4 shows in schematic form a transformer with its secondary circuit open and 
an alternating voltage v, applied to its primary terminals. To simplify the drawings, it is 
common on schematic diagrams of transformers to show the primary and secondary 
windings as if they were on separate legs of the core, as in Fig. 2.4, even though 
the windings are actually interleaved in practice. As discussed in Section 1.4, a small 
steady-state current i,, called the exciting current, flows in the primary and establishes 
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Primary winding, 
NV turns 


Figure 2.4 Transformer with open 
secondary. 


an alternating flux in the magnetic circuit.” This flux induces an emf in the primary 
equal to 


é) = — = N\— (2.1) 
where 


A, = flux linkage of the primary winding 
y = flux in the core linking both windings 
N, = number of turns in the primary winding 


The voltage e; is in volts when ¢ is in webers. This emf, together with the voltage 
drop in the primary resistance R,, must balance the applied voltage v;; thus 


vi = Rig + e| (2.2) 


Note that for the purposes of the current discussion, we are neglecting the effects of 
primary leakage flux, which will add an additional induced-emf term in Eq. 2.2. In 
typical transformers, this flux is a small percentage of the core flux, and it is quite 
justifiable to neglect it for our current purposes. It does however play an important 
role in the behavior of transformers and is discussed in some detail in Section 2.4. 
In most large transformers, the no-load resistance drop is very small indeed, 
and the induced emf e, very nearly equals the applied voltage v;. Furthermore, the 
waveforms of voltage and flux are very nearly sinusoidal. The analysis can then be 
greatly simplified, as we have shown in Section 1.4. Thus, if the instantaneous flux is 


Y = Pmax Sin wt (2.3) 
2 In general, the exciting current corresponds to the net ampere-turns (mmf) acting on the magnetic 


circuit, and it is not possible to distinguish whether it flows in the primary or secondary winding or 
partially in each winding. 
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the induced voltage is 


d 
Ben = = WN imax COS ot (2.4) 
where max is the maximum value of the flux and w = 27f, the frequency being 
f Hz. For the current and voltage reference directions shown in Fig. 2.4, the induced 
emf leads the flux by 90°. The rms value of the induced emf e is 


2. 
E, = Tat Nibs = V22f NiPmax (2.5) 


If the resistive voltage drop is negligible, the counter emf equals the applied 
voltage. Under these conditions, if a sinusoidal voltage is applied to a winding, a 
sinusoidally varying core flux must be established whose maximum value @max satis- 
fies the requirement that E, in Eq. 2.5 equal the rms value V, of the applied voltage; 
thus 


4 


—=— 2.6 
Jin fN, (2.6) 


max = 


Under these conditions, the core flux is determined solely by the applied voltage, 
its frequency, and the number of turns in the winding. This important relation applies 
not only to transformers but also to any device operated with a sinusoidally-alternating 
impressed voltage, as long as the resistance and leakage-inductance voltage drops are 
negligible. The core flux is fixed by the applied voltage, and the required exciting 
current is determined by the magnetic properties of the core; the exciting current must 
adjust itself so as to produce the mmf required to create the flux demanded by Eq. 2.6. 

Because of the nonlinear magnetic properties of iron, the waveform of the exciting 
current differs from the waveform of the flux. A curve of the exciting current as a 
function of time can be found graphically from the ac hysteresis loop, as is discussed 
in Section 1.4 and shown in Fig. 1.11. 

If the exciting current is analyzed by Fourier-series methods, it is found to consist 
of a fundamental component and a series of odd harmonics. The fundamental com- 
ponent can, in turn, be resolved into two components, one in phase with the counter 
emf and the other lagging the counter emf by 90°. The in-phase component supplies 
the power absorbed by hysteresis and eddy-current losses in the core. It is referred 
to as core-loss component of the exciting current. When the core-loss component is 
subtracted from the total exciting current, the remainder is called the magnetizing 
current. It comprises a fundamental component lagging the counter emf by 90°, to- 
gether with all the harmonics. The principal harmonic is the third. For typical power 
transformers, the third harmonic usually is about 40 percent of the exciting current. 

Except in problems concerned directly with the effects of harmonic currents, 
the peculiarities of the exciting-current waveform usually need not be taken into 
account, because the exciting current itself is small, especially in large transformers. 
For example, the exciting current of a typical power transformer is about | to 2 percent 
of full-load current. Consequently the effects of the harmonics usually are swamped 


2.2 No-Load Conditions 


Figure 2.5 No-load phasor 
diagram. 


out by the sinusoidal-currents supplied to other linear elements in the circuit. The 
exciting current can then be represented by an equivalent sinusoidal current which 
has the same rms value and frequency and produces the same average power as 
the actual exciting current. Such representation is essential to the construction of a 
phasor diagram, which represents the phase relationship between the various voltages 
and currents in a system in vector form. Each signal is represented by a phasor 
whose length is proportional to the amplitude of the signal and whose angle is equal 
to the phase angle of that signal as measured with respect to a chosen reference 
signal. 

In Fig. 2.5, the phasors E, and ® respectively, represent the rms values of the 
induced emf and the flux. The phasor f g represents the rms value of the equivalent 
sinusoidal exciting current. It lags the induced emf E, by a phase angle 6,. 

The core loss P,, equal to the product of the in-phase components of the E, and 
ie is given by 


P, = E;Ig cos & (2.7) 


The component /, in phase with E, is the core-loss current. The component Jp 
in phase with the flux represents an equivalent sine wave current having the same 
rms value as the magnetizing current. Typical exciting volt-ampere and core-loss 
characteristics of high-quality silicon steel used for power and distribution transformer 
laminations are shown in Figs. 1.12 and 1.14. 


ee EXAMPLE 2.1 | 


In Example 1.8 the core loss and exciting voltamperes for the core of Fig. 1.15 at Bua, = 1.5T 
and 60 Hz were found to be 


P,=16W (VI) ims = 20 VA 


and the induced voltage was 274/./2 = 194 V rms when the winding had 200 turns. 
Find the power factor, the core-loss current [,, and the magnetizing current /,,. 
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@ Solution 
Power factor cos@, = = =0.80 (lag) thus 6, = —36.9° 


20 


Note that we know that the power factor is lagging because the system is inductive. 
one — 20 2 
Exciting current J, = 4, = 0.10 Arms 


Core-loss component J, = 7£ = 0.082 Arms 


Magnetizing component J, = /,| sin @,| = 0.060 A rms 


2.3 EFFECT OF SECONDARY CURRENT; 
IDEAL TRANSFORMER 


As a first approximation to a quantitative theory, consider a transformer with a primary 
winding of N; turns and a secondary winding of N2 turns, as shown schematically in 
Fig. 2.6. Notice that the secondary current is defined as positive out of the winding; 
thus positive secondary current produces an mmf in the opposite direction from that 
created by positive primary current. Let the properties of this transformer be ideal- 
ized under the assumption that winding resistances are negligible, that all the flux is 
confined to the core and links both windings (i.e., leakage flux is assumed negligible), 
that there are no losses in the core, and that the permeability of the core is so high 
that only a negligible exciting mmf is required to establish the flux. These proper- 
ties are closely approached but never actually attained in practical transformers. A 
hypothetical transformer having these properties is often called an ideal transformer. 

Under the above assumptions, when a time-varying voltage v; is impressed on 
the primary terminals, a core flux g must be established such that the counter emf e; 
equals the impressed voltage. Thus 


d 
vy=e) = Ni (2.8) 


The core flux also links the secondary and produces an induced emf e2, and an equal 
secondary terminal voltage v2, given by 


d 
mae Na (2.9) 


Figure 2.6 {deal transformer and load. 


2.3 Effect of Secondary Current; Ideal Transformer 


From the ratio of Eqs. 2.8 and 2.9, 
vy M 
oN (2.10) 
Thus an ideal transformer transforms voltages in the direct ratio of the turns in its 
windings. 

Now let a load be connected to the secondary. A current i2 and an mmf N2i2 
are then present in the secondary. Since the core permeability is assumed very large 
and since the impressed primary voltage sets the core flux as specfied by Eq. 2.8, the 
core flux is unchanged by the presence of a load on the secondary, and hence the net 
exciting mmf acting on the core (equal to Nji; — N2i2) will not change and hence 
will remain negligible. Thus 


Nii — Noi2 = 0 (2.11) 


From Eq. 2.11 we see that a compensating primary mmf must result to cancel that of 
the secondary. Hence 


Mit = Noir (2.12) 


Thus we see that the requirement that the net mmf remain unchanged is the means 
by which the primary “knows” of the presence of load current in the secondary; any 
change in mmf flowing in the secondary as the result of a load must be accompanied 
by a corresponding change in the primary mmf. Note that for the reference directions 
shown in Fig. 2.6 the mmf’s of i, and iz are in opposite directions and therefore 
compensate. The net mmf acting on the core therefore is zero, in accordance with the 
assumption that the exciting current of an ideal transformer is zero. 

From Eq. 2.12 


j N. 
Bee (2.13) 
19 Ni 
Thus an ideal transformer transforms currents in the inverse ratio of the turns in its 
windings. 
Also notice from Eqs. 2.10 and 2.13 that 


vit = Volz (2.14) 


i.€., instantaneous power input to the primary equals the instantaneous power output 
from the secondary, a necessary condition because all dissipative and energy storage 
mechanisms in the transformer have been neglected. 

An additional property of the ideal transformer can be seen by considering the 
case of a sinusoidal applied voltage and an impedance load. Phasor symbolism can 
be used. The circuit is shown in simplified form in Fig. 2.7a, in which the dot- 
marked terminals of the transformer correspond to the similarly marked terminals in 
Fig. 2.6. The dot markings indicate terminals of corresponding polarity; i.e., if one 
follows through the primary and secondary windings of Fig. 2.6, beginning at their 
dot-marked terminals, one will find that both windings encircle the core in the same 
direction with respect to the flux. Therefore, if one compares the voltages of the two 
windings, the voltages from a dot-marked to an unmarked terminal will be of the 
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(a) 


Figure 2.7 Three circuits which are identical at terminals ab when the transformer is ideal. 


same instantaneous polarity for primary and secondary. In other words, the voltages 
V; and V> in Fig. 2.7a are in phase. Also currents fT, and f are in phase as seen from 
Eq. 2.12. Note again that the polarity of /, is defined as into the dotted terminal and 
the polarity of /, is defined as out of the dotted terminal. 

We next investigate the impendance transformation properties of the ideal trans- 
former. In phasor form, Eqs. 2.10 and 2.13 can be expressed as 


A N, A A, No A. 
yy, = — V: d Vy=—V; 2.15 
12 an ar ad (2.15) 
, Nos » Me 
i,=—I d J,=—I 2.16 
Lg? an 2= Hy! (2.16) 
From these equations 
V; Nie V, 
~= (3) = (2.17) 
fy N2 I> 


Noting that the load impedance Z> is related to the secondary voltages and 
currents 


I 


where Z> is the complex impedance of the load. Consequently, as far as its effect is 
concerned, an impedance Z> in the secondary circuit can be replaced by an equivalent 
impedance Z, in the primary circuit, provided that 


N;\? 
={—] Z 2.1 
Z\ (=) 2 (2.19) 


Thus, the three circuits of Fig. 2.7 are indistinguishable as far as their performance 
viewed from terminals ab is concerned. Transferring an impedance from one side 
of a transformer to the other in this fashion is called referring the impedance to the 


2:3 Effect of Secondary Current; Ideal Transformer 


other side; impedances transform as the square of the turns ratio. In a similar manner, 
voltages and currents can be referred to one side or the other by using Eqs. 2.15 and 
2.16 to evaluate the equivalent voltage and current on that side. 

To summarize, in an ideal transformer, voltages are transformed in the direct ratio 
of turns, currents in the inverse ratio, and impedances in the direct ratio squared; 
power and voltamperes are unchanged. 


The equivalent circuit of Fig. 2.8a shows an ideal transformer with an impedance R; + jX2 = 
1 + j4 Q connected in series with the secondary. The turns ratio N,/N2 = 5:1. (a) Draw an 
equivalent circuit with the series impedance referred to the primary side. (b) For a primary 
voltage of 120 V rms and a short connected across the terminals A-B, calculate the primary 
current and the current flowing in the short. 


@ Solution 
a. The new equivalent is shown in Fig. 2.8b. The secondary impedance is referred to the 
primary by the turns ratio squared. Thus 


N 2 
Ry + jX, = (#) (Ra + jX2) 
Np 
= 25+ j100 2 
b. From Eq. 2.19, a short at terminals A-B will appear as a short at the primary of the ideal 
transformer in Fig. 2.8b since the zero voltage of the short is reflected by the turns ratio 
N,/N, to the primary. Hence the primary current will be given by 


_ hw _ 120 
~ Ri + 5X5 2547100 


bone 


= 0.28 — j1.13 Arms 


1 


corresponding to a magnitude of 1.16 Arms. From Eq. 2.13, the secondary current will 
equal N,/N2 = 5 times that of the current in the primary. Thus the current in the short 
will have a magnitude of 5(1.16) = 5.8 Arms. 


i, i, ® X i 
+o + 
ee ee 
Vv, v, 
o— ees 
N, N, N, 
(a) (b) 


Figure 2.8 Equivalent circuits for Example 2.2. (a) Impedance in series with the secondary. 
(b) Impedance referred to the primary. 
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| Practice Problem 2.1 | Problem 2.1 


Repeat part (b) of Example 2.2 for a series impedance R, + j X, = 0.05+ j0.97 Q and a turns 
ratio of 14:1. 


Solution 


The primary current is 0.03 — j0.63 A rms, corresponding to a magnitude of 0.63 A rms. The 
current in the short will be 14 times larger and thus will be of magnitude 8.82 A rms. 


2.4 TRANSFORMER REACTANCES AND 
EQUIVALENT CIRCUITS 


The departures of an actual transformer from those of an ideal transformer must be 
included to a greater or lesser degree in most analyses of transformer performance. 
A more complete model must take into account the effects of winding resistances, 
leakage fluxes, and finite exciting current due to the finite (and indeed nonlinear) 
permeability of the core. In some cases, the capacitances of the windings also have 
important effects, notably in problems involving transformer behavior at frequencies 
above the audio range or during rapidly changing transient conditions such as those 
encountered in power system transformers as a result of voltage surges caused by 
lightning or switching transients. The analysis of these high-frequency problems is 
beyond the scope of the present treatment however, and accordingly the capacitances 
of the windings will be neglected. 

Two methods of analysis by which departures from the ideal can be taken into 
account are (1) an equivalent-circuit technique based on physical reasoning and (2) a 
mathematical approach based on the classical theory of magnetically coupled circuits. 
Both methods are in everyday use, and both have very close parallels in the theories 
of rotating machines. Because it offers an excellent example of the thought process 
involved in translating physical concepts to a quantitative theory, the equivalent circuit 
technique is presented here. 

To begin the development of a transformer equivalent circuit, we first consider 
the primary winding. The total flux linking the primary winding can be divided into 
two components: the resultant mutual flux, confined essentially to the iron core and 
produced by the combined effect of the primary and secondary currents, and the 
primary leakage flux, which links only the primary. These components are identified 
in the schematic transformer shown in Fig. 2.9, where for simplicity the primary and 
secondary windings are shown on opposite legs of the core. In an actual transformer 
with interleaved windings, the details of the flux distribution are more complicated, 
but the essential features remain the same. 

The leakage flux induces voltage in the primary winding which adds to that 
produced by the mutual flux. Because the leakage path is largely in air, this flux and 
the voltage induced by it vary linearly with primary current /,. It can therefore be 
represented by a primary leakage inductance L), (equal to the leakage-flux linkages 
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Figure 2.9 Schematic view of mutual and leakage fluxes in a 
transformer. 


with the primary per unit of primary current). The corresponding primary leakage 
reactance X, is found as 


Xi, = 2nf Ly, (2.20) 


In addition, there will be a voltage drop in the primary resistance R). 

We now see that the primary terminal voltage V; consists of three components: 
the 7 R, drop in the primary resistance, the [|X |, drop arising from primary leakage 
flux, and the emf £, induced in the primary by the resultant mutual flux. Fig. 2.10a 
shows an equivalent circuit for the primary winding which includes each of these 
voltages. 

The resultant mutual flux links both the primary and secondary windings and is 
created by their combined mmf’s. It is convenient to treat these mmf’s by considering 
that the primary current must meet two requirements of the magnetic circuit: It must 
not only produce the mmf required to produce the resultant mutual flux, but it must 
also counteract the effect of the secondary mmf which acts to demagnetize the core. 
An alternative viewpoint is that the primary current must not only magnetize the 
core, it must also supply current to the load connected to the secondary. According 
to this picture, it is convenient to resolve the primary current into two components: 
an exciting component and a load component. The exciting component f g is defined 
as the additional primary current required to produce the resultant mutual flux. It is 
a nonsinusoidal current of the nature described in Section 2.2.3 The load component 


3 In fact, the exciting current corresponds to the net mmf acting on the transformer core and cannot, in 
general, be considered to flow in the primary alone. However, for the purposes of this discussion, this 
distinction is not significant. 
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(d) 


Figure 2.10 Steps in the development of the transformer equivalent circuit. 


i f is defined as the component current in the primary which would exactly counteract 
the mmf of secondary current />. 

Since it is the exciting component which produces the core flux, the net mmf 
must equal N;/, and thus we see that 


Mig = Mh — Nolo 


=M(l,+f,) — Moly (2.21) 
and from Eq. 2.21 we see that 
at N> > 
l,=—I Dede 
2= Fy 12 (2.22) 


From Eq. 2.22, we see that the load component of the primary current equals the 
secondary current referred to the primary as in an ideal transformer. 


2.4 Transformer Reactances and Equivalent Circuits 


The exciting current can be treated as an equivalent sinusoidal current f g> in the 
manner described in Section 2.2, and can be resolved into a core-loss component 
i, in phase with the emf £, and a magnetizing component / lagging E; by 90°. 
In the equivalent circuit (Fig. 2.10b) the equivalent sinusoidal exciting current is 
accounted for by means of a shunt branch connected across E, comprising a core- 
loss resistance R, in parallel with a magnetizing inductance Lm whose reactance, 
known as the magnetizing reactance, is given by 


Xin = 20 f Lin (2.23) 


In the equivalent circuit of (Fig. 2.10b) the power E?/ R, accounts for the core loss 
due to the resultant mutual flux. R, is referred to as the magnetizing resistance or core- 
loss resistance and together with X,, forms the excitation branch of the equivalent 
circuit, and we will refer to the parallel combination of R, and Xm as the exciting 
impedance Z,. When R, is assumed constant, the core loss is thereby assumed to 
vary as E? or (for sine waves) as ¢2,,, f°, where @max is the maximum value of the 
resultant mutual flux. Strictly speaking, the magnetizing reactance Xm varies with 
the saturation of the iron. When X,, is assumed constant, the magnetizing current 
is thereby assumed to be independent of frequency and directly proportional to the 
resultant mutual flux. Both R, and X,, are usually determined at rated voltage and 
frequency; they are then assumed to remain constant for the small departures from 
rated values associated with normal operation. 

We will next add to our equivalent circuit a representation of the secondary 
winding. We begin by recognizing that the resultant mutual flux @ induces an emf E} 
in the secondary, and since this flux links both windings, the induced-emf ratio must 
equal the winding turns ratio, i.e., 


= ae (2.24) 

E, No 
just as in an ideal transformer. This voltage transformation and the current transfor- 
mation of Eq. 2.22 can be accounted for by introducing an ideal transformer in the 
equivalent circuit, as in Fig. 2.10c. Just as is the case for the primary winding, the 
emf E> is not the secondary terminal voltage, however, because of the secondary 
resistance Ry and because the secondary current /, creates secondary leakage flux 
(see Fig. 2.9). The secondary terminal voltage V2 differs from the induced voltage E} 
by the voltage drops due to secondary resistance R2 and secondary leakage reactance 
Xj, (corresponding to the secondary leakage inductance Ly,), as in the portion of the 
complete transformer equivalent circuit (Fig. 2.10c) to the right of £. 

From the equivalent circuit of Fig. 2.10, the actual transformer therefore can be 
seen to be equivalent to an ideal transformer plus external impedances. By referring 
all quantities to the primary or secondary, the ideal transformer in Fig. 2.10c can be 
moved out to the right or left, respectively, of the equivalent circuit. This is almost 
invariably done, and the equivalent circuit is usually drawn as in Fig. 2.10d, with the 
ideal transformer not shown and all voltages, currents, and impedances referred to 
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either the primary or secondary winding. Specifically, for Fig. 2.10d, 


N 2 
Xi = (+) Xi: (2.25) 
N 2 
R, = (3) Ry (2.26) 
and 
, N; 
irae (2.27) 


The circuit of Fig. 2.10d is called the equivalent-T circuit for a transformer. 

In Fig. 2.10d, in which the secondary quantities are referred to the primary, the 
referred secondary values are indicated with primes, for example, X}, and Rj, to dis- 
tinguish them from the actual values of Fig. 2.10c. In the discussion that follows we 
almost always deal with referred values, and the primes will be omitted. One must sim- 
ply keep in mind the side of the transformers to which all quantities have been referred. 


L EXAMPLE 2.3 


A 50-kVA 2400:240-V 60-Hz distribution transformer has a leakage impedance of 0.72 + 
j0.92 Q in the high-voltage winding and 0.0070 + j0.0090 Q in the low-voltage winding. At 
rated voltage and frequency, the impedance Z, of the shunt branch (equal to the impedance of 
R, and jXm in parallel) accounting for the exciting current is 6.32 + j43.7 &2 when viewed 
from the low-voltage side. Draw the equivalent circuit referred to (a) the high-voltage side and 
(b) the low-voltage side, and label the impedances numerically. 


@ Solution 

The circuits are given in Fig. 2.11a and b, respectively, with the high-voltage side numbered | 
and the low-voltage side numbered 2. The voltages given on the nameplate of a power system 
transformer are based on the turns ratio and neglect the small leakage-impedance voltage drops 
under load. Since this is a 10-to-1 transformer, impedances are referred by multiplying or 
dividing by 100; for example, the value of an impedance referred to the high-voltage side is 
greater by a factor of 100 than its value referred to the low-voltage side. 


Z), = 0.72 + j0.92 Z;, = 0.70 + 0.90 Z;, = 0.0072 + j0.0092 Z;, = 0.0070 + j0.0090 

on-- r 
a t 
i i 

ci fe Z, = 6.32 +j43.7 

Z, = 632 + j4370 | 3 io = 6.32 + j43. 
re 
boy 4 
oO- —— | = 
(a) (b) 


Figure 2.11 Equivalent circuits for transformer of Example 2.3 referred to (a) the high-voltage side and (b) the 
low-voltage side. 


2.5 Engineering Aspects of Transformer Analysis 


The ideal transformer may be explicitly drawn, as shown dotted in Fig. 2.11, or it may be 
omitted in the diagram and remembered mentally, making the unprimed letters the terminals. 
If this is done, one must of course remember to refer all connected impedances and sources to 
be consistent with the omission of the ideal transformer. 


If 2400 V rms is applied to the high-voltage side of the transformer of Example 2.3, calculate the 
magnitude of the current into the magnetizing impedance Z, in Figs. 2.11a and b respectively. 


Solution 


The current through Z, is 0.543 Arms when itis referred to the high-voltage side as in Fig. 2.1la 
and 5.43 A rms when it is referred to the low-voltage side. 


2.5 ENGINEERING ASPECTS OF 
TRANSFORMER ANALYSIS 


In engineering analyses involving the transformer as a circuit element, it is customary 
to adopt one of several approximate forms of the equivalent circuit of Fig. 2.10 rather 
than the full circuit. The approximations chosen in a particular case depend largely 
on physical reasoning based on orders of magnitude of the neglected quantities. The 
more common approximations are presented in this section. In addition, test methods 
are given for determining the transformer constants. 

The approximate equivalent circuits commonly used for constant-frequency 
power transformer analyses are summarized for comparison in Fig. 2.12. All quanti- 
ties in these circuits are referred to either the primary or the secondary, and the ideal 
transformer is not shown. 

Computations can often be greatly simplified by moving the shunt branch repre- 
senting the exciting current out from the middle of the T circuit to either the primary or 
the secondary terminals, as in Fig. 2.12a and b. These forms of the equivalent circuit 
are referred to as cantilever circuits. The series branch is the combined resistance 
and leakage reactance of the primary and secondary, referred to the same side. This 
impedance is sometimes called the equivalent series impedance and its components 
the equivalent series resistance Reg and equivalent series reactance X eq, as Shown in 
Fig. 2.12a and b. 

As compared to the equivalent-T circuit of Fig. 2.10d, the cantilever circuit is 
in error in that it neglects the voltage drop in the primary or secondary leakage 
impedance caused by the exciting current. Because the impedance of the exciting 
branch is typically quite large in large power transformers, the corresponding exciting 
current is quite small. This error is insignificant in most situations involving large 
transformers. 
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qT; Reg = Ry + R, Xeq _ X;,+ X, Reg => R, + Ry Xeq _ X;, + X;, 
es 


Reg Xen Xeq 
a PX — 
+ M=1, + + f= + 
vy, V2 Vy, Vy 


Figure 2.12 Approximate transformer equivalent circuits. 


Consider the equivalent-T circuit of Fig. 2.11a of the 50-kVA 2400:240 V distribution trans- 
former of Example 2.3 in which the impedances are referred to the high-voltage side. (a) Draw 
the cantilever equivalent circuit with the shunt branch at the high-voltage terminal. Calculate 
and label R., and X.,. (6) With the low-voltage terminal open-circuit and 2400 V applied to the 
high-voltage terminal, calculate the voltage at the low-voltage terminal as predicted by each 
equivalent circuit. 


# Solution 
a. The cantilever equivalent circuit is shown in Fig. 2.13. R., and X,, are found simply as 
the sum of the high- and low-voltage winding series impedances of Fig. 2.1la 


Reg = 0.72 + 0.70 = 1.42 Q 


Xeq = 0.92 + 0.90 = 1.822 


Z,= 632 + j43702 


b 


Figure 2.13 Cantilever equivalent 
circuit for Example 2.4. 
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b. For the equivalent-T circuit of Fig. 2.1 1a, the voltage at the terminal labeled c’-d’ will be 
given by 


Veg = 2400 (-,) = 2399.44 j0.315 V 
Zo 2, 
This corresponds to an rms magnitude of 2399.4 V. Reflected to the low-voltage terminals 
by the low- to high-voltage turns ratio, this in turn corresponds to a voltage of 239.94 V. 
Because the exciting impedance is connected directly across the high-voltage 
terminals in the cantilever equivalent circuit of Fig. 2.13, there will be no voltage drop 
across any series leakage impedance and the predicted secondary voltage will be 240 V. 
These two solutions differ by 0.025 percent, well within reasonable engineering accuracy 
and clearly justifying the use of the cantilever equivalent circuit for analysis of this 
transformer. 


Further analytical simplification results from neglecting the exciting current en- 
tirely, as in Fig. 2.12c, in which the transformer is represented as an equivalent series 
impedance. If the transformer is large (several hundred kilovoltamperes or more), the 
equivalent resistance Reg is small compared with the equivalent reactance X.q and 
can frequently be neglected, giving the equivalent circuit of Fig. 2.12d. The circuits 
of Fig. 2.12c and d are sufficiently accurate for most ordinary power system prob- 
lems and are used in all but the most detailed analyses. Finally, in situations where 
the currents and voltages are determined almost wholly by the circuits external to 
the transformer or when a high degree of accuracy is not required, the entire trans- 
former impedance can be neglected and the transformer considered to be ideal, as in 
Section 2.3. 

The circuits of Fig. 2.12 have the additional advantage that the total equivalent 
resistance Reg and equivalent reactance Xeq can be found from a very simple test in 
which one terminal is short-circuited. On the other hand, the process of determination 
of the individual leakage reactances X), and X,, and a complete set of parameters for 
the equivalent-T circuit of Fig. 2.10c is more difficult. Example 2.4 illustrates that due 
to the voltage drop across leakage impedances, the ratio of the measured voltages of a 
transformer will not be indentically equal to the idealized voltage ratio which would be 
measured if the transformer were ideal. In fact, without some apriori knowledge of the 
turns ratio (based for example upon knowledge of the internal construction of the trans- 
former), it is not possible to make a set of measurements which uniquely determine 
the turns ratio, the magnetizing inductance, and the individual leakage impedances. 

It can be shown that, simply from terminal measurements, neither the turns ratio, 
the magnetizing reactance, or the leakage reactances are unique characteristics of a 
transformer equivalent circuit. For example, the turns ratio can be chosen arbitrarily 
and for each choice of turns ratio, there will be a corresponding set of values for 
the leakage and magnetizing reactances which matches the measured characteristic. 
Each of the resultant equivalent circuits will have the same electrical terminal char- 
acteristics, a fact which has the fortunate consequence that any self-consistent set of 
empirically determined parameters will adequately represent the transformer. 
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L EXAMPLE 2.5 


The 50-kVA 2400:240-V transformer whose parameters are given in Example 2.3 is used to 
step down the voltage at the load end of a feeder whose impedance is 0.30 + 71.60 &2. The 
voltage V, at the sending end of the feeder is 2400 V. 

Find the voltage at the secondary terminals of the transformer when the load connected to 
its secondary draws rated current from the transformer and the power factor of the load is 0.80 
lagging. Neglect the voltage drops in the transformer and feeder caused by the exciting current. 


§ Solution 
The circuit with all quantities referred to the high-voltage (primary) side of the transformer is 
shown in Fig. 2.14a, where the transformer is represented by its equivalent impedance, as in 
Fig. 2.12c. From Fig. 2.11a, the value of the equivalent impedance is Z,, = 1.42 + j1.82Q and 
the combined impedance of the feeder and transformer in series is Z = 1.72 + 73.42 &. From 
the transformer rating, the load current referred to the high-voltage side is 7 = 50,000/2400 = 
20.8 A. 

This solution is most easily obtained with the aid of the phasor diagram referred to the high- 
voltage side as shown in Fig. 2.14b. Note that the power factor is defined at the load side of the 
transformer and hence defines the phase angle @ between the load current / and the voltage V, 


6 = —cos”! (0.80) = —36.87° 
From the phasor diagram 
Ob = /V2 (be and V;=0b-ab 
Note that 

be =1Xcos6—IRsin@ ab=I1Rcosé+1X sin@ 
where R and X are the combined resistance and reactance, respectively. Thus 

bc = 20.8(3.42)(0.80) — 20.8(1.72)(0.60) = 35.5 V 

ab = 20.8(1.72)(0.80) + 20.8(3.42)(0.60) = 71.4 V 


Substitution of numerical values shows that V, = 2329 V, referred to the high-voltage 
side. The actual voltage at the secondary terminals is 2329/10, or 


V, = 233 V 


Feeder Transformer I= 20.8. at 0.80 pF, lag 


(a) 


Figure 2.14 (a) Equivalent circuit and (b) phasor diagram for Example 2.5. 
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Practice Problem 2.3 


Repeat Example 2.5 for a load which draws rated current from the transformer with a power 
factor of 0.8 leading. 


Solution 


V, = 239V 


Two very simple tests serve to determine the parameters of the equivalent circuits 
of Fig. 2.10 and 2.12. These consist of measuring the input voltage, current, and power 
to the primary, first with the secondary short-circuited and then with the secondary 
open-circuited. 


Short-Circuit Test The short-circuit test can be used to find the equivalent series 
impedance Reg + j Xeq- Although the choice of winding to short-circuit is arbitrary, 
for the sake of this discussion we will consider the short circuit to be applied to the 
transformer secondary and voltage applied to primary. For convenience, the high- 
voltage side is usually taken as the primary in this test. Because the equivalent series 
impedance in a typical transformer is relatively small, typically an applied primary 
voltage on the order of 10 to 15 percent or less of the rated value will result in rated 
current. 

Figure 2.15a shows the equivalent circuit with transformer secondary impedance 
referred to the primary side and a short circuit applied to the secondary. The short- 
circuit impedance Z,, looking into the primary under these conditions is 


Zg(R2 + JXp) 
Zy +Ro+ J xX b 
Because the impedance Z, of the exciting branch is much larger than that of the 
secondary leakage impedance (which will be true unless the core is heavily saturated 


by excessive voltage applied to the primary; certainly not the case here), the short- 
circuit impedance can be approximated as 


Zsc = Ry + JX, + (2.28) 


Zsp © Ry + JX, + Ro + JX = Req + J Xeq (2.29) 
, Reg = Xeq= 
sc Ry» +R, Xt Xi, 
ov 
+ 
v, R, x 


(b) 


Figure 2.15 [Equivalent circuit with short-circuited secondary. (a) Complete equivalent circuit. 
(b) Cantilever equivalent circuit with the exciting branch at the transformer secondary. 
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Note that the approximation made here is equivalent to the approximation made 
in reducing the equivalent-T circuit to the cantilever equivalent. This can be seen 
from Fig. 2.15b; the impedance seen at the input of this equivalent circuit is clearly 
LZsc = Zeq = Req t+ j Xeq Since the exciting branch is directly shorted out by the short 
on the secondary. 

Typically the instrumentation used for this test will measure the rms magnitude 
of the applied voltage V,., the short-circuit current J.,, and the power P,,. Based upon 
these three measurements, the equivalent resistance and reactance (referred to the 
primary) can be found from 


V. 
[Zei= Zl 7 (2.30) 
sc 
P. 
Req = Ro = 7: (2.31) 


X eq =H Xu = \/ \Zsc|? ba R2. (2.32) 


where the symbol || indicates the magnitude of the enclosed complex quantity. 

The equivalent impedance can, of course, be referred from one side to the other 
in the usual manner. On the rare occasions when the equivalent-T circuit in Fig. 2.10d 
must be resorted to, approximate values of the individual primary and secondary 
resistances and leakage reactances can be obtained by assuming that R; = R2 = 
0.5Req and X;, = X), = 0.5Xeq when all impedances are referred to the same side. 
Strictly speaking, of course, it is possible to measure R; and R2 directly by a dc 
resistance measurement on each winding (and then referring one or the other to the 
other side of the idea transformer). However, as has been discussed, no such simple 
test exists for the leakage reactances X;, and Xj,. 


Open-Circuit Test The open-circuit test is performed with the secondary open- 
circuited and rated voltage impressed on the primary. Under this condition an exciting 
current of a few percent of full-load current (less on large transformers and more on 
smaller ones) is obtained. Rated voltage is chosen to insure that the magnetizing 
reactance will be operating at a flux level close to that which will exist under normal 
operating conditions. If the transformer is to be used at other than its rated voltage, the 
test should be done at that voltage. For convenience, the low-voltage side is usually 
taken as the primary in this test. If the primary in this test is chosen to be the opposite 
winding from that of the short-circuit test, one must of course be careful to refer the 
various measured impedances to the same side of the transformer in order to obtain 
a self-consistent set of parameter values. 

Figure 2.16a shows the equivalent circuit with the transformer secondary impe- 
dance referred to the primary side and the secondary open-circuited. The open-circuit 
impedance Z,, looking into the primary under these conditions is 


Re GXm) 


- (2.33) 
Ro + jXm 


Zoc = R + jX, +Z,=R, + JX, + 


Because the impedance of the exciting branch is quite large, the voltage drop in the 
primary leakage impedance caused by the exciting current is typically negligible, and 
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(a) (b) 


Figure 2.16 Equivalent circuit with open-circuited secondary. (a) Complete equivalent 
circuit. (b) Cantilever equivalent circuit with the exciting branch at the transformer primary. 


the primary impressed voltage Vo, very nearly equals the emf Eo. induced by the 
resultant core flux. Similarly, the primary I2,R, loss caused by the exciting current is 
negligible, so that the power input Po, very nearly equals the core loss E2,/R,. Asa 
result, it is common to ignore the primary leakage impedance and to approximate the 
open-circuit impedance as being equal to the magnetizing impedance 


R(X) 


Loo © Zy = — 
oc Q Ro + jXm 


(2.34) 
Note that the approximation made here is equivalent to the approximation made in 
reducing the equivalent-T circuit to the cantilever equivalent circuit of Fig. 2.16b; the 
impedance seen at the input of this equivalent circuit is clearly Z, since no current 
will flow in the open-circuited secondary. 

As with the short-circuit test, typically the instrumentation used for this test will 
measure the rms magnititude of the applied voltage, V.., the open-circuit current 
Ty, and the power P,,. Neglecting the primarly leakage impedance and based upon 
these three measurements, the magnetizing resistance and reactance (referred to the 
primary) can be found from 


v2 
R,= pe (2.35) 
Voc 
Fe (2.36) 
[Z| Z.. 
1 
X (2.37) 


J AZpl)? — A/Re)? 


The values obtained are, of course, referred to the side used as the primary in this test. 
The open-circuit test can be used to obtain the core loss for efficiency computa- 
tions and to check the magnitude of the exciting current. Sometimes the voltage at the 
terminals of the open-circuited secondary is measured as a check on the turns ratio. 
Note that, if desired, a slightly more accurate calculation of X,, and R, by retain- 
ing the measurements of R; and X;, obtained from the short-circuit test (referred to 
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the proper side of the transformer) and basing the derivation on Eq. 2.33. However, 
such additional effort is rarely necessary for the purposes of engineering accuracy. 


With the instruments located on the high-voltage side and the low-voltage side short-circuited, 
the short-circuit test readings for the 50-k VA 2400:240-V transformer of Example 2.3 are 48 V, 
20.8 A, and 617 W. An open-circuit test with the low-voltage side energized gives instrument 
readings on that side of 240 V, 5.41 A, and 186 W. Determine the efficiency and the voltage 
regulation at full load, 0.80 power factor lagging. 


@ Solution 

From the short-circuit test, the magnitude of the equivalent impedance, the equivalent resistance, 
and the equivalent reactance of the transformer (referred to the high-voltage side as denoted 
by the subscript H) are 


48 617 
7.4 = — = 2312 Rog = — 
|Zequ 20.8 OR 


Xegu = V2.312 — 142? = 1.822 


Operation at full-load, 0.80 power factor lagging corresponds to a current of 


50,000 
Iy = —— =208A 
4 “2400 e 


= 1.42 2 


and an output power 
Poutput = Proas = (0.8)50,000 = 40,000 W 
The total loss under this operating condition is equal to the sum of the winding loss 
Prinding = Iq Rea = 20.8°(1.42) = 617 W 
and the core loss determined from the open-circuit test 
Prore = 186 W 
Thus 
Pross = Pwinding + Peore = 803 W 
and the power input to the transformer is 
Pinout = Poutput + Pioss = 40,803 W 
The efficiency of a power conversion device is defined as 


efficiency = Poutput = Pinput aa Pros =e Pross 


input Pinput Prnput 


which can be expressed in percent by multiplying by 100 percent. Hence, for this operating 
condition 


40,000 


P 
ffici = 100% {| —™ } = 100% | ————__ 
eficiency (0 ( ) 10 (san + 803 


input 


) = 980% 
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The voltage regulation of a transformer is defined as the change in secondary terminal 
voltage from no load to full load and is usually expressed as a percentage of the full-load value. 
In power systems applications, regulation is one figure of merit for a transformer; a low value 
indicates that load variations on the secondary of that transformer will not significantly affect 
the magnitude of the voltage being supplied to the load. It is calculated under the assumption that 
the primary voltage remains constant as the load is removed from the transformer secondary. 

The equivalent circuit of Fig. 2.12c will be used with all quantities referred to the high- 
voltage side. The primary voltage is assumed to be adjusted so that the secondary terminal 
voltage has its rated value at full load, or V2 = 2400 V. For a load of rated value and 0.8 power 
factor lagging (corresponding to a power factor angle 9 = —cos™! (0.8) = —36.9°), the load 
current will be 


, 50 x 10° Anes 
Ty = {| ——— } e" = 20.8(0.8 — j0.6) A 
H ( 7400 ) e 0.8(0.8 — j0.6) 


The required value of the primary voltage V,, can be calculated as 


Vin = Vou + Pu(Reg un + j Xeq) 
= 2400 + 20.8(0.80 — j0.60)(1.42 + 71.82) 
= 2446 + j13 


The magnitude of V,y is 2446 V. If this voltage were held constant and the load removed, 
the secondary voltage on open circuit would rise to 2446 V referred to the high-voltage side. 
Then 

2446 — 2400 


Regulation = t————— (100%) = 1.92% 
egulation 2400 ( 0) fo 


Practice Problem 2.4 


Repeat the voltage-regulation calculation of Example 2.6 for a load of 50 kW (rated load, unity 
power factor). 


Solution 


Regulation = 1.24% 


2.6 AUTOTRANSFORMERS; MULTIWINDING 
TRANSFORMERS 


The principles discussed in previous sections have been developed with specific ref- 
erence to two-winding transformers. They are also applicable to transformers with 
other winding configurations. Aspects relating to autotransformers and multiwinding 
transformers are considered in this section. 
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es N,+N2 ~ 
Ny Np 3 Ni 
p= 
(a) 


(b) 


Figure 2.17 (a) Two-winding transformer. 
(b) Connection as an autotransformer. 


2.6.1 Autotransformers 


In Fig. 2.17a, a two-winding transformer is shown with N; and N2 turns on the 
primary and secondary windings respectively. Substantially the same transformation 
effect on voltages, currents, and impedances can be obtained when these windings 
are connected as shown in Fig. 2.17b. Note that, however, in Fig. 2.17b, winding bc 
is common to both the primary and secondary circuits. This type of transformer is 
called an autotransformer. It is little more than a normal transformer connected in a 
special way. 

One important difference between the two-winding transformer and the auto- 
transformer is that the windings of the two-winding transformer are electrically iso- 
lated whereas those of the autotransformer are connected directly together. Also, in 
the autotransformer connection, winding ab must be provided with extra insulation 
since it must be insulated against the full maximum voltage of the autotransformer. 
Autotransformers have lower leakage reactances, lower losses, and smaller exciting 
current and cost less than two-winding transformers when the voltage ratio does not 
differ too greatly from 1:1. 

The following example illustrates the benefits of an autotransformer for those 
situations where electrical isolation between the primary and secondary windings is 
not an important consideration. 


The 2400:240-V 50-kVA transformer of Example 2.6 is connected as an autotransformer, as 
shown in Fig. 2.18a, in which ab is the 240-V winding and bc is the 2400-V winding. (It is 
assumed that the 240-V winding has enough insulation to withstand a voltage of 2640 V to 
ground.) 


a. Compute the voltage ratings V, and Vx of the high- and low-voltage sides, respectively, 
for this autotransformer connection. 

b. Compute the kVA rating as an autotransformer. 

c. Data with respect to the losses are given in Example 2.6. Compute the full-load efficiency 
as an autotransformer operating with a rated load of 0.80 power factor lagging. 
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+ 
V, = 2400 V 


228.8A 208A 
(a) (b) 


Figure 2.18 (a) Autotransformer connection for 
Example 2.7. (6) Currents under rated load. 


# Solution 

a. Since the 2400-V winding bc is connected to the low-voltage circuit, V, = 2400 V. When 
Vic = 2400 V, a voltage V,, = 240 V in phase with V,. will be induced in winding ab 
(leakage-impedance voltage drops being neglected). The voltage of the high-voltage side 
therefore is 


Va = Vab + Vic = 2640 V 


b. From the rating of 50 kVA as a normal two-winding transformer, the rated current of 
the 240-V winding is 50,000/240 = 208 A. Since the high-voltage lead of the 
autotransformer is connected to the 240-V winding, the rated current Jy at the 
high-voltage side of the autotransformer is equal to the rated current of the 240-V winding 
or 208 A. The kVA rating as an autotransformer therefore is 


Vala  2640(208) 
1000 ~——«1000 


= 550 kVA 


Note that, in this connection, the autotransformer has an equivalent turns ratio of 
2640/2400. Thus the rated current at the low-voltage winding (the 2400-V winding in this 
connection) must be 


2640 
i, = | —— | 208A =229A 
(3) . 


At first, this seems rather unsettling since the 2400-V winding of the transformer has a 
rated current of 50 kVA/2400 V = 20.8 A. Further puzzling is that fact that this 
transformer, whose rating as a normal two-winding transformer is 50 kVA, is capable of 
handling 550 kVA as an autotransformer. 

The higher rating as an autotransformer is a consequence of the fact that not all the 
550 kVA has to be transformed by electromagnetic induction. In fact, all that the 
transformer has to do is to boost a current of 208 A through a potential rise of 240 V, 
corresponding to a power transformation capacity of 50 kVA. This fact is perhaps best 
illustrated by Fig. 2.18b which shows the currents in the autotransformer under rated 


83 


84 


CHAPTER 2 Transformers 


conditions. Note that the windings carry only their rated currents in spite of higher rating 
of the transformer. 

c. When it is connected as an autotransformer with the currents and voltages shown in 
Fig. 2.18, the losses are the same as in Example 2.6, namely, 803 W. But the output as an 
autotransformer at full load, 0.80 power factor is 0.80(550,000) = 440,000 W. The 
efficiency therefore is 


803 
(: ~ aia) 100% = 99.82% 


The efficiency is so high because the losses are those corresponding to transforming only 
50 kVA. 


| Practice Problem 2.5 | Problem 2.5 


A 450-kVA, 460-V:7.97-kV transformer has an efficiency of 97.8 percent when supplying a 
rated load of unity power factor. If it is connected as a 7.97:8.43-kV autotransformer, calculate 
its rated terminal currents, rated kVA, and efficiency when supplying a unity-power-factor load. 


Solution 


The rated current at the 8.43-kV terminal is 978 A, at the 7.97-kV terminal is 1034 A and the 
transformer rating is 8.25 MVA. Its efficiency supplying a rated, unity-power-factor load is 
99.88 percent. 


From Example 2.7, we see that when a transformer is connected as an auto- 
transformer as shown in Fig. 2.17, the rated voltages of the autotransformer can be 
expressed in terms of those of the two-winding transformer as 


Low-voltage: 


Vise = V) tated (2.38) 


High-voltage: 


N, + Ny 
Vitea = Virarea + Veruca = (=5*) Vi rated (2.39) 
The effective turns ratio of the autotransformer is thus (N; + N2)/N;. In addition, 
the power rating of the autotransformer is equal to (N; + N2)/N2 times that of the 
two-winding transformer, although the actual power processed by the transformer 
will not increase over that of the standard two-winding connection. 


2.6.2 Multiwinding Transformers 


Transformers having three or more windings, known as multiwinding or multicircuit 
transformers, are often used to interconnect three or more circuits which may have 
different voltages. For these purposes a multiwinding transformer costs less and is 
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more efficient than an equivalent number of two-winding transformers. Transformers 
having a primary and multiple secondaries are frequently found in multiple-output dc 
power supplies for electronic applications. Distribution transformers used to supply 
power for domestic purposes usually have two 120-V secondaries connected in series. 
Circuits for lighting and low-power applications are connected across each of the 
120-V windings, while electric ranges, domestic hot-water heaters, clothes-dryers, 
and other high-power loads are supplied with 240-V power from the series-connected 
secondaries. 

Similarly, a large distribution system may be supplied through a three-phase 
bank of multiwinding transformers from two or more transmission systems having 
different voltages. In addition, the three-phase transformer banks used to interconnect 
two transmission systems of different voltages often have a third, or tertiary, set of 
windings to provide voltage for auxiliary power purposes in substations or to sup- 
ply a local distribution system. Static capacitors or synchronous condensers may be 
connected to the tertiary windings for power factor correction or voltage regulation. 
Sometimes A-connected tertiary windings are put on three-phase banks to provide a 
low-impedance path for third harmonic components of the exciting current to reduce 
third-harmonic components of the neutral voltage. 

Some of the issues arising in the use of multiwinding transformers are associated 
with the effects of leakage impedances on voltage regulation, short-circuit currents, 
and division of load among circuits. These problems can be solved by an equivalent- 
circuit technique similar to that used in dealing with two-circuit transformers. 

The equivalent circuits of multiwinding transformers are more complicated than 
in the two-winding case because they must take into account the leakage impedances 
associated with each pair of windings. Typically, in these equivalent circuits, all 
quantities are referred to a common base, either by use of the appropriate turns ratios 
as referring factors or by expressing all quantities in per unit. The exciting current 
usually is neglected. 


2.7 TRANSFORMERS IN THREE-PHASE 
CIRCUITS 


Three single-phase transformers can be connected to form a three-phase transformer 
bank in any of the four ways shown in Fig. 2.19. In all four parts of this figure, the wind- 
ings at the left are the primaries, those at the right are the secondaries, and any primary 
winding in one transformer corresponds to the secondary winding drawn parallel to it. 
Also shown are the voltages and currents resulting from balanced impressed primary 
line-to-line voltages V and line currents 7 when the ratio of primary-to-secondary 
turns N,/N2 = a and ideal transformers are assumed.‘ Note that the rated voltages 
and currents at the primary and secondary of the three-phase transformer bank de- 
pends upon the connection used but that the rated kVA of the three-phase bank is three 
times that of the individual single-phase transformers, regardless of the connection. 


4 The relationship between three-phase and single-phase quantities is discussed in Appendix A. 
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Figure 2.19 Common three-phase transformer connections; the transformer windings 
are indicated by the heavy lines. 


The Y-A connection is commonly used in stepping down from a high voltage 
to a medium or low voltage. One reason is that a neutral is thereby provided for 
grounding on the high-voltage side, a procedure which can be shown to be desirable 
in many cases. Conversely, the A-Y connection is commonly used for stepping up to 
a high voltage. The A-A connection has the advantage that one transformer can be 
removed for repair or maintenance while the remaining two continue to function as 
a three-phase bank with the rating reduced to 58 percent of that of the original bank; 
this is known as the open-delta, or V, connection. The Y-Y connection is seldom used 
because of difficulties with exciting-current phenomena.> 

Instead of three single-phase transformers, a three-phase bank may consist of one 
three-phase transformer having all six windings on acommon multi-legged core and 
contained in a single tank. Advantages of three-phase transformers over connections 
of three single-phase transformers are that they cost less, weigh less, require less floor 
space, and have somewhat higher efficiency. A photograph of the internal parts of a 
large three-phase transformer is shown in Fig. 2.20. 

Circuit computations involving three-phase transformer banks under balanced 
conditions can be made by dealing with only one of the transformers or phases and 
recognizing that conditions are the same in the other two phases except for the phase 
displacements associated with a three-phase system. It is usually convenient to carry 
out the computations on a single-phase (per-phase-Y, line-to-neutral) basis, since 
transformer impedances can then be added directly in series with transmission line 
impedances. The impedances of transmission lines can be referred from one side of 
the transformer bank to the other by use of the square of the ideal line-to-line voltage 


> Because there is no neutral connection to carry harmonics of the exciting current, harmonic voltages are 
produced which significantly distort the transformer voltages. 
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Figure 2.20 A 200-MVA, three-phase, 50-Hz, three-winding, 210/80/10.2-kV 
transformer removed from its tank. The 210-kV winding has an on-load tap 
changer for adjustment of the voltage. (Brown Boveri Corporation.) 


ratio of the bank. In dealing with Y-A or A-Y banks, all quantities can be referred to 
the Y-connected side. In dealing with A-A banks in series with transmission lines, it is 
convenient to replace the A-connected impedances of the transformers by equivalent 
Y-connected impedances. It can be shown that a balanced A-connected circuit of 
Za G/phase is equivalent to a balanced Y-connected circuit of Zy Q/phase if 


1 
Zy = 374 (2.40) 


Three single-phase, 50-k VA 2400:240-V transformers, each identical with that of Example 2.6, 
are connected Y-A in a three-phase 150-kVA bank to step down the voltage at the load end 
of a feeder whose impedance is 0.15 + 71.00 Q/phase. The voltage at the sending end of the 
feeder is 4160 V line-to-line. On their secondary sides, the transformers supply a balanced 
three-phase load through a feeder whose impedance is 0.0005 + 70.0020 &2/phase. Find the 
line-to-line voltage at the load when the load draws rated current from the transformers at a 
power factor of 0.80 lagging. 


Solution 
The computations can be made on a single-phase basis by referring everything to the high- 
voltage, Y-connected side of the transformer bank. The voltage at the sending end of the feeder 
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is equivalent to a source voltage V, of 


= a2 = 2400 V line-to-neutral 


V; 
From the transformer rating, the rated current on the high-voltage side is 20.8 A/phase Y. 

The low-voltage feeder impedance referred to the high voltage side by means of the square of 
the rated line-to-line voltage ratio of the transformer bank is 

4160\" ; 

Zwu = 0 (0.0005 + 0.0020) = 0.15 + j0.60 Q 

and the combined series impedance of the high- and low-voltage feeders referred to the high- 
voltage side is thus 


Zyeeder,H = 9.30 + j 1.60 Q/phase Y 


Because the transformer bank is Y-connected on its high-voltage side, its equivalent single- 
phase series impedance is equal to the single-phase series impedance of each single-phase 
transformer as referred to its high-voltage side. This impedance was originally calculated in 
Example 2.4 as 


Zequ = 1.42 + j1.82 Q/phase Y 


Due to the choice of values selected for this example, the single-phase equivalent circuit 
for the complete system is identical to that of Example 2.5, as can been seen with specific 
reference to Fig. 2.14a. In fact, the solution on a per-phase basis is exactly the same as the 
solution to Example 2.5, whence the load voltage referred to the high-voltage side is 2329 V 
to neutral. The actual line-neutral load voltage can then be calculated by referring this value to 
the low-voltage side of the transformer bank as 

240 


Vioad = 2329 (3) = 134 V line-to-neutral 


which can be expressed as a line-to-line voltage by multiplying by /3 
Vice = 13473 = 233 V line-to-line 


Note that this line-line voltage is equal to the line-neutral load voltage calculated in 
Example 2.5 because in this case the transformers are delta connected on their low-voltage side 
and hence the line-line voltage on the low-voltage side is equal to the low-voltage terminal 
voltage of the transformers. 


| Practice Problem 2.6 | Problem 2.6 


Repeat Example 2.8 with the transformers connected Y-Y and all other aspects of the problem 
statement remaining unchanged. 


Solution 
405 V line-line 
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The three transformers of Example 2.8 are reconnected A-A and supplied with power through 
a 2400-V (line-to-line) three-phase feeder whose reactance is 0.80 92/phase. At its sending 
end, the feeder is connected to the secondary terminals of a three-phase Y-A-connected trans- 
former whose rating is 500 kVA, 24 kV:2400 V (line-to-line). The equivalent series impedance 
of the sending-end transformer is 0.17 + j0.92 Q/phase referred to the 2400-V side. The 
voltage applied to the primary terminals of the sending-end transformer is 24.0 kV line- 
to-line. 

A three-phase short circuit occurs at the 240-V terminals of the receiving-end transformers. 
Compute the steady-state short-circuit current in the 2400-V feeder phase wires, in the primary 
and secondary windings of the receiving-end transformers, and at the 240-V terminals. 


Solution 
The computations will be made on an equivalent line-to-neutral basis with all quantities referred 
to the 2400-V feeder. The source voltage then is 


2400 . 
— = 1385 V line-to-neutral 


V3 
From Eq. 2.40, the single-phase-equivalent series impedance of the A-A transformer seen 
at its 2400-V side is 
1.42 + j1.82 
3 
The total series impedance to the short circuit is then the sum of this impedance, that of 
sending-end transformer and the reactance of the feeder 


Zeg = Reg + i Xeq = = 0.47 + j0.61 Q/phase 


Zrot = (0.47 + j0.61) + (0.17 + j0.92) + 70.80 = 0.64 + 2.33 Q/phase 
which has a magnitude of 
|Zi] = 2.42 Q/phase 


The magnitude of the phase current in the 2400-V feeder can now simply be calculated 
as the line-neutral voltage divided by the series impedance 


Current in 2400-V feeder = a =572A 


and, as is shown in Fig. 2.19c, the winding current in the 2400-V winding of the receiving-end 
transformer is equal to the phase current divided by J3 or 


572 
Current in 2400-V windings = —= = 330A 
V3 


while the current in the 240-V windings is 10 times this value 
Current in 240-V windings = 10 x 330 = 3300 A 


Finally, again with reference to Fig. 2.19c, the phase current at the 240-V terminals into 
the short circuit is given by 


Current at the 240-V terminals = 3300/3 = 5720 A 
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Note of course that this same result could have been computed simply by recognizing that the 
turns ratio of the A-A transformer bank is equal to 10:1 and hence, under balanced-three-phase 
conditions, the phase current on the low voltage side will be 10 times that on the high-voltage 
side. 


Repeat Example 2.9 under the condition that the three transformers are connected A-Y instead 
of A-A such that the short low-voltage side of the three-phase transformer is rated 416 V 
line-to-line. 


Solution 
Current in 2400-V feeder = 572 A 
Current in 2400-V windings = 330 A 
Current in 416-V windings = 3300 A 
Current at the 416-V terminals = 3300A 


2.8 VOLTAGE AND CURRENT 
TRANSFORMERS 


Transformers are often used in instrumentation applications to match the magnitude 
of a voltage or current to the range of a meter or other instrumention. For example, 
most 60-Hz power-systems’ instrumentation is based upon voltages in the range of 
0-120 V rms and currents in the range of 0-5 A rms. Since power system voltages 
range up to 765-kV line-to-line and currents can be 10’s of kA, some method of 
supplying an accurate, low-level representation of these signals to the instrumentation 
is required. 

One common technique is through the use of specialized transformers known 
as potential transformers or PT’s and current transformers or CT’s. If constructed 
with a turns ratio of N:N2, an ideal potential transformer would have a secondary 
voltage equal in magnitude to N2/ Nj times that of the primary and identical in phase. 
Similarly, an ideal current transformer would have a secondary output current equal to 
N,/N> times the current input to the primary, again identical in phase. In other words, 
potential and current transformers (also referred to as instrumentation transformers) 
are designed to approximate ideal transformers as closely as is practically possible. 

The equivalent circuit of Fig. 2.21 shows a transformer loaded with an impedance 
Zp = Rpo+/ Xp atits secondary. For the sake of this discussion, the core-loss resistance 
R, has been neglected; if desired, the analysis presented here can be easily expanded to 
include its effect. Following conventional terminology, the load on an instrumentation 
transformer is frequently referred to as the burden on that transformer, hence the 
subscript b. To simplify our discussion, we have chosen to refer all the secondary 
quantities to the primary side of the ideal transformer. 
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Figure 2.21 [Equivalent circuit for an instrumentation 
transformer. 


Consider first a potential transformer. Ideally it should accurately measure voltage 
while appearing as an open circuit to the system under measurement, i.e., drawing 
negligible current and power. Thus, its load impedance should be “large” in a sense 
we will now quantify. 

First, let us assume that the transformer secondary is open-circuited (1.e., |Z] = 
oo). In this case we can write that 


V. N. iX 
a = 2) i (2.41) 
Vi Ni J Rit j(X1 + Xm) 


From this equation, we see that a potential transformer with an open-circuited sec- 
ondary has an inherent error (in both magnitude and phase) due to the voltage drop of 
the magnetizing current through the primary resistance and leakage reactance. To the 
extent that the primary resistance and leakage reactance can be made small compared 
to the magnetizing reactance, this inherent error can be made quite smail. 

The situation is worsened by the presence of a finite burden. Including the effect 
of the burden impedance, Eq. 2.41 becomes 


2 = (=) ZeqZp (2.42) 


Vi Ni) (Ri + fX1)(Zeq + Zy + Ry + fX4) 
where 
iXm(R jX 
Ri + ](Xm+ X41) 
and 
! Ni A 
Z={—)Z 2.44 
(5) Q aay 


is the burden impedance referred to the transformer primary. 

From these equations, it can be seen that the characterstics of an accurate potential 
transformer include a large magnetizing reactance (more accurately, a large exciting 
impedance since the effects of core loss, although neglected in the analysis presented 
here, must also be minimized) and relatively small winding resistances and leakage 
reactances. Finally, as will be seen in Example 2.10, the burden impedance must be 
kept above a minimum value to avoid introducing excessive errors in the magnitude 
and phase angle of the measured voltage. 
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| EXANOPLE 2.10 [i 


A 2400: 120-V, 60-Hz potential transformer has the following parameter values (referred to the 
2400-V winding): 


X, = 1482 X,=164Q X, = 163 kQ 
R, = 1282 R= 1412 
(a) Assuming a 2400-V input, which ideally should produce a voltage of 120 V at the 


low-voltage winding, calculate the magnitude and relative phase-angle errors of the secondary 
voltage if the secondary winding is open-circuited. (b) Assuming the burden impedance to be 
purely resistive (Z, = R,), calculate the minimum resistance (maximum burden) that can be 
applied to the secondary such that the magnitude error is less than 0.5 percent. (c) Repeat part 
(b) but find the minimum resistance such that the phase-angle error is less than 1.0 degree. 


@ Solution 
a. This problem is most easily solved using MATLAB. From Eg. 2.41 with V, = 2400 V, 


the following MATLAB script gives 
V, = 119.90 20.045° V 
Here is the MATLAB script: 


ele 
clear 


SPT parameters 


Rl = 128; 
X1 = 143; 
Xm = 163e3; 
N1 = 2400; 
N2 = 120; 
N = N1/N2; 


$Primary voltage 
V1 = 2400; 


Secondary voltage 

V2 = V1*(N2/N1)*(3*Xm/(R1+ j*(X1+Xm))); 
magv2 = abs(V2); 

phasev2 = 180*angle(V2)/pi; 


fprintf(‘\nMagnitude of V2 = %g [V]’,magV2) 
fprintf(‘\n and angle = %g [degrees]\n\n’,phasev2) 


. Here, again, it is relatively straight forward to write a MATLAB script to implement 


Eq. 2.42 and to calculate the percentage error in the magnitude of voltage V2. as compared 
to the 120 Volts that would be measured if the PT were ideal. The resistive burden R, 


t MATLAB is a registered trademark of The MathWorks, Inc. 
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can be initialized to a large value and then reduced until the magnitude error reaches 
0.5 percent. The result of such an analysis would show that the minimum resistance is 
162.5 Q, corresponding to a magnitude error of 0.50 percent and a phase angle of 0.22°. 
(Note that this appears as a resistance of 65 k&2 when referred to the primary.) 

c. The MATLAB script of part (6) can be modified to search for the minimum resistive 
burden that will keep the phase angle error less than 1.0 degrees. The result would show 
that the minimum resistance is 41.4 Q, corresponding to a phase angle of 1.00° and a 
magnitude error of 1.70 percent. 
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Practice Problem 2.8 


Using MATLAB, repeat parts (b) and (c) of Example 2.10 assuming the burden impedance is 
purely reactive (Z, = jX,) and finding the corresponding minimum impedance X, in each 
case. 


Solution 


The minimum burden reactance which results in a secondary voltage magnitude within 0.5 per- 
cent of the expected 120 V is X, = 185.4 Q, for which the phase angle is 0.25°. The minimum 
burden reactance which results in a secondary voltage phase-angle of within 1.0° of that of the 
primary voltage is X, = 39.5 &, for which the voltage-magnitude error is 2.0 percent. 


Consider next a current transformer. An ideal current transformer would accu- 
rately measure voltage while appearing as a short circuit to the system under measure- 
ment, i.e., developing negligible voltage drop and drawing negligible power. Thus, 
its load impedance should be “small” in a sense we will now quantify. 

Let us begin with the assumption that the transformer secondary is short-circuited 
(i.e., |Zp] = 0). In this case we can write that 


I N iXin 
- =f :) ee. (2.45) 
if N2 Ry + j(X) + Xm) 


In a fashion quite analogous to that of a potential transformer, Eq. 2.45 shows that a 
current transformer with a shorted secondary has an inherent error (in both magni- 
tude and phase) due to the fact that some of the primary current is shunted through 
the magnetizing reactance and does not reach the secondary. To the extent that the 
magnetizing reactance can be made large in comparison to the secondary resistance 
and leakage reactance, this error can be made quite small. 

A finite burden appears in series with the secondary impedance and increases the 
error. Including the effect of the burden impedance, Eq. 2.45 becomes 


I N iX 
= =( | eee (2.46) 
I Np Zy + Ry + J (X44 Xm) 


From these equations, it can be seen that an accurate current transformer has a 
large magnetizing impedance and relatively small winding resistances and leakage 
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reactances. In addition, as is seen in Example 2.11, the burden impedance on a current 
transformer must be kept below a maximum value to avoid introducing excessive 
additional magnitude and phase errors in the measured current. 


EXAMPLE 2.11 


A 800:5-A, 60-Hz current transformer has the following parameter values (referred to the 
800-A winding): 


X, = 44.8 pQ X,=54.3 pQ X_p=17.7mQ 
R, = 10.3 ~Q RFR, =9.6nQ 


Assuming that the high-current winding is carrying a current of 800 amperes, calculate the 
magnitude and relative phase of the current in the low-current winding if the load impedance 
is purely resistive with R, = 2.5 Q. 


B Solution 
The secondary current can be found from Eq. 2.46 by setting /;=800A and Ri = 
(N,/N2)?Ry = 0.097 m&. The following MATLAB script gives 


T, = 4.98 20.346° A 


Here is the MATLAB script: 


ele 
clear 


%$CT parameters 
R-2p = 9.6e-6; 


X_2p = 54.3e-6; 
Xm = 17.7e-3; 
Nei] '5? 

N_2 = 800; 

N = N_1/N_2; 


Load impedance 
Rests 2" 2:25: 


% Primary current 
Il = 800; 


Secondary current 
I2 = I1*N*j*X_m/(Z_bp + R_2p + j*(X-2p + X_m)); 


magI2 = abs(I2); 
phaseI2 = 180*angle(1I2)/pi; 


fprintf(‘\nSecondary current magnitude = %g [A]’,magI2) 
fprintf(‘\n and phase angle = %g [degrees]\n\n',phaseI2) 
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Practice Problem 2.9 


For the current transformer of Example 2.11, find the maximum purely reactive burden Z, = 
jX, such that, for 800 A flowing in the transformer primary, the secondary current will be 
greater than 4.95 A (Le., there will be at most a 1.0 percent error in current magnitude). 


Solution 
X» must be less than 3.19 Q 


2.9 THE PER-UNIT SYSTEM 


Computations relating to machines, transformers, and systems of machines are often 
carried out in per-unit form, i.e., with all pertinent quantities expressed as decimal 
fractions of appropriately chosen base values. All the usual computations are then car- 
ried out in these per unit values instead of the familiar volts, amperes, ohms, and so on. 

There are a number of advantages to the system. One is that the parameter values 
of machines and transformers typically fall in a reasonably narrow numerical range 
when expressed in a per-unit system based upon their rating. The correctness of 
their values is thus subject to a rapid approximate check. A second advantage is 
that when transformer equivalent-circuit parameters are converted to their per-unit 
values, the ideal transformer turns ratio becomes 1:1 and hence the ideal transformer 
can be eliminated. This greatly simplifies analyses since it eliminates the need to 
refer impedances to one side or the other of transformers. For complicated systems 
involving many transformers of different turns ratios, this advantage is a significant 
one in that a possible cause of serious mistakes is removed. 

Quantities such as voltage V, current ], power P, reactive power Q, voltamperes 
VA, resistance R, reactance X, impedance Z, conductance G, susceptance B, and 
admittance Y can be translated to and from per-unit form as follows: 


Actual quantity 


Quantity in per unit = (2.47) 


Base value of quantity 


where “Actual quantity” refers to the value in volts, amperes, ohms, and so on. To 
a certain extent, base values can be chosen arbitrarily, but certain relations between 
them must be observed for the normal electrical laws to hold in the per-unit system. 
Thus, for a single-phase system, 


Pi base> hase» VAbase = Voase Loase (2.48) 
Voase 


Roase» X base» Zoase = (2.49) 


I base 
The net result is that only two independent base quantities can be chosen arbitrarily; 
the remaining quantities are determined by the relationships of Eqs. 2.48 and 2.49, In 
typical usage, values of VApase and Vpase are chosen first; values of Jpase and all other 
quantities in Eqs. 2.48 and 2.49 are then uniquely established. 
The value of VApase must be the same over the entire system under analysis. 
When a transformer is encountered, the values of Vpase differ on each side and should 
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be chosen in the same ratio as the turns ratio of the transformer. Usually the rated or 
nominal voltages of the respective sides are chosen. The process of referring quantities 
to one side of the transformer is then taken care of automatically by using Eqs. 2.48 
and 2.49 in finding and interpreting per-unit values. 

This can be seen with reference to the equivalent circuit of Fig. 2.10c. If the base 
voltages of the primary and secondary are chosen to be in the ratio of the turns of 
the ideal transformer, the per-unit ideal transformer will have a unity turns ratio and 
hence can be eliminated. 

If these rules are followed, the procedure for performing system analyses in 
per-unit can be summarized as follows: 


1. Select a VA base and a base voltage at some point in the system. 


2. Convert all quantities to per unit on the chosen VA base and with a voltage 
base that transforms as the turns ratio of any transformer which is encountered 
as one moves through the system. 


3. Perform a standard electrical analysis with all quantities in per unit. 


4. When the analysis is completed, all quantities can be converted back to real 
units (e.g., volts, amperes, watts, etc.) by multiplying their per-unit values by 
their corresponding base values. 


When only one electric device, such as a transformer, is involved, the device’s own 
rating is generally used for the volt-ampere base. When expressed in per-unit form on 
their rating as a base, the characteristics of power and distribution transformers do not 
vary much over a wide range of ratings. For example, the exciting current is usually 
between 0.02 and 0.06 per unit, the equivalent resistance is usually between 0.005 and 
0.02 per unit (the smaller values applying to large transformers), and the equivalent 
reactance is usually between 0.015 and 0.10 per unit (the larger values applying to 
large high-voltage transformers). Similarly, the per-unit values of synchronous- and 
induction-machine parameters fall within a relatively narrow range. The reason for 
this is that the physics behind each type of device is the same and, in a crude sense, 
they can each be considered to be simply scaled versions of the same basic device. As 
a result, when normalized to their own rating, the effect of the scaling is eliminated 
and the result is a set of per-unit parameter values which is quite similar over the 
whole size range of that device. 

Often, manufacturers supply device parameters in per unit on the device base. 
When several devices are involved, however, an arbitrary choice of volt-ampere base 
must usually be made, and that value must then be used for the overall system. As 
a result, when performing a system analysis, it may be necessary to convert the sup- 
plied per-unit parameter values to per-unit values on the base chosen for the analysis. 
The following relations can be used to convert per-unit (pu) values from one base to 
another: 


VAp 
(P, Q, VA) pu on base 2 = (P, Q, VA) pu on base | | (2.50) 
base 2 
(Vbase i) VAbase 2 
(R, X, Z = (R, X, Z) ene 2.51 
) pu on base 2 ( pu on base | ae 3)? WAbase ; ( ) 
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Voase | 
Vou on base 2 = Vou on base | | = | (2.52) 
Vbase 2 
Voase 2 VAbase 1 
Tou on base 2 = Tou on base | oe (2.53) 


Mi EXAMPLE 2.12 | 


The equivalent circuit for a 100-MVA, 7.97-kV:79.7-kV transformer is shown in Fig. 2.22a. 
The equivalent-circuit parameters are: 


X, =0.040Q2 Xy=3.75Q XX, = 1l4Q 
R, = 0.76mQ2 Ry = 0.085 Q 


Note that the magnetizing inductance has been referred to the low-voltage side of the equivalent 
circuit. Convert the equivalent circuit parameters to per unit using the transformer rating as 
base. 


7.99 kV :79.7kV 


Ry XL 
(0.76 mQ) (0.040 2) 


Xy Ry 
(3.752) (0.085 2) 


Ry XL 
(0.0012 pu) (0.0630 pu) 


Ry XxX Xy Ry 
(0.0012 pu) (0.0630 pu) (0.0591 pu) (0.0013 pu) 


Xm 
(180 pu) 


(c) 


Figure 2.22 Transformer equivalent circuits for Example 2.12. 

(a) Equivalent circuit in actual units. (6) Per-unit equivalent circuit with 
1:1 ideal transformer. (c) Per-unit equivalent circuit following elimination 
of the ideal transformer. 
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Solution 
The base quantities for the transformer are: 


Low-voltage side: 


VAbase = 1OOMVA = Voase = 7.97 kV 
and from Eqs. 2.48 and 2.49 


2 


V, 
Ryase = Xbase = a = 0.635 Q 
base 


High-voltage side: 
VAgase = IJOOMVA = Vpase = 79.7kV 
and from Eqs. 2.48 and 2.49 


Views 
Roase = X dase — aS = 63.52 


base 
The per-unit values of the transformer parameters can now be calculated by division by 
their corresponding base quantities. 


0.040 ; 
XL = 0.635 = 0.0630 per unit 
xXy = oe = 0.0591 it 
= pee per uni 
ee 180 per unit 
0.635 
7.6 x 10-4 F 
R, = 0.635 = 0.0012 per unit 
0.085 ; 
Ry => 65 = 0.0013 per unit 


Finally, the voltages representing the turns ratio of the ideal transformer must each be di- 
vided by the base voltage on that side of the transformer. Thus the turns ratio of 7.97-kV:79.7-kV 
becomes in per unit 


2 : 7.97 kV 79.7kV 
Per-unit turns ratio = : = | 
7.97 kV 79.7kV 


The resultant per-unit equivalent circuit is shown in Fig. 2.22b. Because it has unity turns ratio, 
there is no need to keep the ideal transformer and hence this equivalent circuit can be reduced 
to the form of Fig. 2.22c. 


EXAMPLE 2.13 [i 


The exciting current measured on the low-voltage side of a SO-kVA, 2400:240-V transformer 
is 5.41 A. Its equivalent impedance referred to the high-voltage side is 1.42 + j1.82 Q. Using 
the transformer rating as the base, express in per unit on the low- and high-voltage sides (a) the 
exciting current and (b) the equivalent impedance. 
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@ Solution 
The base values of voltages and currents are 


Voase.H = 2400 Vv Vaase,L => 240 Vv TyaseH = 20.8 A Tyase.L = 208 A 


where subscripts H and L indicate the high- and low-voltage sides, respectively. 
From Eq. 2.49 


2400 240 
ZoaseH = mom = 115.22 LNoaser, = —— = 1.1522 
esol 20.8 bso“ 208 
a. From Eq. 2.47, the exciting current in per unit referred to the low-voltage side can be 


calculated as: 


5.41 
Lou= 308 = 0.0260 per unit 
The exciting current referred to the high-voltage side is 0.541 A. Its per-unit value is 
541 
Lou = oe = 0.0260 per unit 


Note that, as expected, the per-unit values are the same referred to either side, 
corresponding to a unity turns ratio for the ideal transformer in the per-unit transformer. 
This is a direct consequence of the choice of base voltages in the ratio of the transformer 
turns ratio and the choice of a constant volt-ampere base. 

b. From Eq. 2.47 and the value for Zoyase 


1.42 + 1.82 
Pei ree = 0.0123 + j0.0158 per unit 


The equivalent impedance referred to the low-voltage side is 0.0142 + j0.0182Q. Its 
per-unit value is 


0.142 +0.0182 
oe 1.152 


= 0.0123 + j0.0158 per unit 


The per-unit values referred to the high- and low-voltage sides are the same, the 
transformer turns ratio being accounted for in per unit by the base values. Note again that 
this is consistent with a unity turns ratio of the ideal transformer in the per-unit 
transformer equivalent circuit. 


| Practice Problem 2.10 | Problem 2.10 


A 15-kVA 120:460-V transformer has an equivalent series impedance of 0.018 + j0.042 per 
unit. Calculate the equivalent series impedance in ohms (a) referred to the low-voltage side 
and (b) referred to the high-voltage side. 


Solution 
Zequ = 0.017 + j0.040Q and Zq4 = 0.25 + j0.60Q 


When they are applied to the analysis of three-phase systems, the base values for 
the per-unit system are chosen so that the relations for a balanced three-phase system 
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hold between them: 


(Phases Qhase: VA base )3-phase = 3 VAbase, per phase (2.54) 


In dealing with three-phase systems, VAbase, 3-phase, the three-phase volt-ampere base, 
and Vbase, 3-phase = Vbase, 1-1, the line-to-line voltage base are usually chosen first. The 
base values for the phase (line-to-neutral) voltage then follows as 


1 
Voase, l-n = 7 Vee: 1-1 (2.55) 
Note that the base current for three-phase systems is equal to the phase current, 


which is the same as the base current for a single-phase (per-phase) analysis. Hence 


VAbase, 3-phase 
V3 Voase, 3-phase 


Finally, the three-phase base impedance is chosen to the be the single-phase base 
impedance. Thus 


Toase, 3-phase = Toase, per phase = (2.56) 


Zpase, 3-phase = Zoase, per phase 
Voase, I-n 

I base, per phase 
Voase, 3-phase 

V3 base, 3-phase 


_ (Voase, 3-phase)” (2.57) 


VAbase, 3-phase 


The equations for conversion from base to base, Eqs. 2.50 through 2.53, apply 
equally to three-phase base conversion. Note that the factors of /3 and 3 relating 
A to Y quantities of volts, amperes, and ohms in a balanced three-phase system are 
automatically taken care of in per unit by the base values. Three-phase problems can 
thus be solved in per unit as if they were single-phase problems and the details of 
transformer (Y vs A on the primary and secondary of the transformer) and impedance 
(Y vs A) connections disappear, except in translating volt, ampere, and ohm values 
into and out of the per-unit system. 


EXAMPLE 2.14 [i 


Rework Example 2.9 in per unit, specifically calculating the short-circuit phase currents which 
will flow in the feeder and at the 240-V terminals of the receiving-end transformer bank. 
Perform the calculations in per unit on the three-phase, 150-kVA, rated-voltage base of the 
receiving-end transformer. 


@ Solution 
We start by converting all the impedances to per unit. The impedance of the 500-kVA, 
24 kV:2400 V sending end transformer is 0.17 + j0.92 92/phase as referred to the 2400-V 
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side. From Eq. 2.57, the base impedance corresponding to a 2400-V, 150-kVA base is 


2400? 
Zoase = a = 38.42 
Pase “150 x 10° 
From Example 2.9, the total series impedance is equal to Z,, = 0.64 + j2.33 Q/phase and 


thus in per unit it is equal to 
0.64 + 2.33 


Zee = Gog = 0.0167 + j0.0607 per unit 


which is of magnitude 
[Zi | = 0.0629 per unit 
The voltage applied to the high-voltage side of the sending-end transformer is V, = 
24.0 kV = 1.0 per unit on a rated-voltage base and hence the short-circuit current will equal 


V; 1.0 


ly = = 
[Zor] 0.0629 


= 15.9 per unit 


To calculate the phase currents in amperes, it is simply necessary to multiply the per- 
unit short-circuit current by the appropriate base current. Thus, at the 2400-V feeder the base 
current is 

Zease, 2400-V = pe 
V3 2400 


and hence the feeder current will be 


=36.1A 


Treeder = 15.9 x 36.1=574A 


The base current at the 240-V secondary of the receiving-end transformers is 


and hence the short-circuit current is 
Ty40-v secondary = 15.9 x 361 = 5.74 kA 


As expected, these values are equivalent within numerical accuracy to those calculated in 
Example 2.9. 


| Practice Problem 2.11 | Problem 2.11 


Calculate the magnitude of the short-circuit current in the feeder of Example 2.9 if the 2400- 
V feeder is replaced by a feeder with an impedance of 0.07 + j0.68 (2/phase. Perform this 
calculation on the 500-kVA, rated-voltage base of the sending-end transformer and express 
your solution both in per unit and in amperes per phase. 


Solution 


Short-circuit current = 5.20 per unit = 636 A 
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A three-phase load is supplied from a 2.4-kV:460-V, 250-kVA transformer whose equivalent 
series impedance is 0.026 + j0.12 per unit on its own base. The load voltage is observed to 
be 438-V line-line, and it is drawing 95 kW at unity power factor. Calculate the voltage at the 
high-voltage side of the transformer. Perform the calculations on a 460-V, 100-kVA base. 


B Solution 
The 460-V side base impedance for the transformer is 


460? 
Zoase, transformer = >SR——TAy = 0.846 Q 
fer 250 x 10° 


while that based upon a 100-kVA base is 


460? 
Zpase, 100-kVA = Too x 108 = 2.122 


Thus, from Eq. 2.51 the per-unit transformer impedance on a 100-kVA base is 


0.864 
Zuransformer = (0.026 + j0.12) (Ss) = 0.0106 + 7.0489 per unit 


The per unit load voltage is 


Pas = sa = 0.952 £0" it 
load = 460 =U. per unt 
where the load voltage has been chosen as the reference for phase-angle calculations. 
The per-unit load power is 


95 
Proad = 700 = 0.95 per unit 
and hence the per-unit load current, which is in phase with the load voltage because the load is 
operating at unity power factor, is 
> Proad _ 0.95 


Load = = —— = 0,998 20° i 
load Ves, 0.952 998 per unit 


Thus we can now calculate the high-side voltage of the transformer 


Vu = Vioad + | Pi een 
= 0.952 + 0.998(0.0106 + 70.0489) 
= 0.963 + j0.0488 = 0.964 £29.0° per unit 


Thus the high-side voltage is equal to 0.964 x 2400 V = 2313 V (line-line). 
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Practice Problem 2.12 


Repeat Example 2.15 if the 250-kV three-phase transformer is replaced by a 150-kV transformer 
also rated at 2.4-kV:460-V and whose equivalent series impedance is 0.038 + j0.135 per unit 
on its own base. Perform the calculations on a 460-V, 100-kVA base. 


Solution 


High-side voltage = 0.982 per unit = 2357 V (line-line) 


2.10 SUMMARY 


Although not an electromechanical device, the transformer is a common and indis- 
pensable component of ac systems where it is used to transform voltages, currents, 
and impedances to appropriate levels for optimal use. For the purposes of our study of 
electromechanical systems, transformers serve as valuable examples of the analysis 
techniques which must be employed. They offer us opportunities to investigate the 
properties of magnetic circuits, including the concepts of mmf, magnetizing current, 
and magnetizing, mutual, and leakage fluxes and their associated inductances. 

In both transformers and rotating machines, a magnetic field is created by the 
combined action of the currents in the windings. In an iron-core transformer, most 
of this flux is confined to the core and links all the windings. This resultant mutual 
flux induces voltages in the windings proportional to their number of turns and is 
responsible for the voltage-changing property of a transformer. In rotating machines, 
the situation is similar, although there is an air gap which separates the rotating and 
stationary components of the machine. Directly analogous to the manner in which 
transformer core flux links the various windings on a transformer core, the mutual flux 
in rotating machines crosses the air gap, linking the windings on the rotor and stator. 
As in a transformer, the mutual flux induces voltages in these windings proportional 
to the number of turns and the time rate of change of the flux. 

A significant difference between transformers and rotating machines is that in ro- 
tating machines there is relative motion between the windings on the rotor and stator. 
This relative motion produces an additional component of the time rate of change of the 
various winding flux linkages. As will be discussed in Chapter 3, the resultant voltage 
component, known as the speed voltage, is characteristic of the process of electrome- 
chanical energy conversion. In a static transformer, however, the time variation of flux 
linkages is caused simply by the time variation of winding currents; no mechanical 
motion is involved, and no electromechanical energy conversion takes place. 

The resultant core flux in a transformer induces a counter emf in the primary 
which, together with the primary resistance and leakage-reactance voltage drops, 
must balance the applied voltage. Since the resistance and leakage-reactance voltage 
drops usually are small, the counter emf must approximately equal the applied voltage 
and the core flux must adjust itself accordingly. Exactly similar phenomena must take 
place in the armature windings of an ac motor; the resultant air-gap flux wave must 
adjust itself to generate a counter emf approximately equal to the applied voltage. 
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In both transformers and rotating machines, the net mmf of all the currents must 
accordingly adjust itself to create the resultant flux required by this voltage balance. 
Inany ac electromagnetic device in which the resistance and leakage-reactance voltage 
drops are small, the resultant flux is very nearly determined by the applied voltage 
and frequency, and the currents must adjust themselves accordingly to produce the 
mmf required to create this flux. 

In a transformer, the secondary current is determined by the voltage induced in the 
secondary, the secondary leakage impedance, and the electric load. In an induction 
motor, the secondary (rotor) current is determined by the voltage induced in the 
secondary, the secondary leakage impedance, and the mechanical load on its shaft. 
Essentially the same phenomena take place in the primary winding of the transformer 
and in the armature (stator) windings of induction and synchronous motors. In all 
three, the primary, or armature, current must adjust itself so that the combined mmf 
of all currents creates the flux required by the applied voltage. 

In addition to the useful mutual fluxes, in both transformers and rotating ma- 
chines there are leakage fluxes which link individual windings without linking oth- 
ers. Although the detailed picture of the leakage fluxes in rotating machines is more 
complicated than that in transformers, their effects are essentially the same. In both, 
the leakage fluxes induce voltages in ac windings which are accounted for as leakage- 
reactance voltage drops. In both, the reluctances of the leakage-flux paths are domi- 
nanted by that of a path through air, and hence the leakage fluxes are nearly linearly 
proportional to the currents producing them. The leakage reactances therefore are 
often assumed to be constant, independent of the degree of saturation of the main 
magnetic circuit. 

Further examples of the basic similarities between transformers and rotating 
machines can be cited. Except for friction and windage, the losses in transformers 
and rotating machines are essentially the same. Tests for determining the losses and 
equivalent circuit parameters are similar: an open-circuit, or no-load, test gives in- 
formation regarding the excitation requirements and core losses (along with friction 
and windage losses in rotating machines), while a short-circuit test together with dc 
resistance measurements gives information regarding leakage reactances and wind- 
ing resistances. Modeling of the effects of magnetic saturation is another example: 
In both transformers and ac rotating machines, the leakage reactances are usually as- 
sumed to be unaffected by saturation, and the saturation of the main magnetic circuit 
is assumed to be determined by the resultant mutual or air-gap flux. 


2.11 PROBLEMS 


2.1 A transformer is made up of a 1200-turn primary coil and an open-circuited 
75-turn secondary coil wound around a closed core of cross-sectional area 
42 cm?. The core material can be considered to saturate when the rms applied 
flux density reaches 1.45 T. What maximum 60-Hz rms primary voltage is 
possible without reaching this saturation level? What is the corresponding 
secondary voltage? How are these values modified if the applied frequency is 
lowered to 50 Hz? 


2.2 


2.3 


2.4 


2.5 


2.6 
2.7 


2.8 


2.9 


2.10 


2.11 Problems 


A magnetic circuit with a cross-sectional area of 15 cm? is to be operated at 
60 Hz from a 120-V rms supply. Calculate the number of turns required to 
achieve a peak magnetic flux density of 1.8 T in the core. 
A transformer is to be used to transform the impedance of a 8-Q resistor to an 
impedance of 75 Q. Calculate the required turns ratio, assuming the 
transformer to be ideal. 
A 100-Q resistor is connected to the secondary of an idea transformer with a 
turns ratio of 1:4 (primary to secondary). A 10-V rms, 1-kHz voltage source is 
connected to the primary. Calculate the primary current and the voltage across 
the 100-Q resistor. 
A source which can be represented by a voltage source of 8 V rms in series 
with an internal resistance of 2 kQ is connected to a 50-Q load resistance 
through an ideal transformer. Calculate the value of turns ratio for which 
maximum power is supplied to the load and the corresponding load power? 
Using MATLAB, plot the the power in milliwatts supplied to the load as a 
function of the transformer ratio, covering ratios from 1.0 to 10.0. 
Repeat Problem 2.5 with the source resistance replaced by a 2-kQ reactance. 
A single-phase 60-Hz transformer has a nameplate voltage rating of 
7.97 kV:266 V, which is based on its winding turns ratio. The manufacturer 
calculates that the primary (7.97-kV) leakage inductance is 165 mH and the 
primary magnetizing inductance is 135 H. For an applied primary voltage of 
7970 V at 60 Hz, calculate the resultant open-circuit secondary voltage. 
The manufacturer calculates that the transformer of Problem 2.7 has a 
secondary leakage inductance of 0.225 mH. 
a. Calculate the magnetizing inductance as referred to the secondary side. 
b. A voltage of 266 V, 60 Hz is applied to the secondary. Calculate (i) the 
resultant open-circuit primary voltage and (ii) the secondary current 
which would result if the primary were short-circuited. 
A 120-V:2400-V, 60-Hz, 50-kVA transformer has a magnetizing reactance 
(as measured from the 120-V terminals) of 34.6 Q. The 120-V winding has a 
leakage reactance of 27.4 mQ and the 2400-V winding has a leakage 
reactance of 11.2 Q. 
a. With the secondary open-circuited and 120 V applied to the primary 
(120-V) winding, calculate the primary current and the secondary voltage. 
b. With the secondary short-circuited, calculate the primary voltage which 
will result in rated current in the primary winding. Calculate the 
corresponding current in the secondary winding. 
A 460-V:2400-V transformer has a series leakage reactance of 37.2 Q as 
referred to the high-voltage side. A load connected to the low-voltage side is 
observed to be absorbing 25 kW, unity power factor, and the voltage is 
measured to be 450 V. Calculate the corresponding voltage and power factor 
as measured at the high-voltage terminals. 
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2.11 


2.13 


2.14 


2.15 


The resistances and leakage reactances of a 30-kVA, 60-Hz, 2400-V:240-V 
distribution transformer are 


R, = 0.68 Q Ry = 0.0068 Q 
X, =7.82  X, = 0.07802 


where subscript 1 denotes the 2400-V winding and subscript 2 denotes the 

240-V winding. Each quantity is referred to its own side of the transformer. 

a. Draw the equivalent circuit referred to (i) the high- and (ii) the 
low-voltage sides. Label the impedances numerically. 

b. Consider the transformer to deliver its rated kVA to a load on the 
low-voltage side with 230 V across the load. (i) Find the high-side 
terminal voltage for a load power factor of 0.85 power factor lagging. 
(ii) Find the high-side terminal voltage for a load power factor of 0.85 
power factor leading. 

c. Consider a rated-kVA load connected at the low-voltage terminals 
operating at 240V. Use MATLAB to plot the high-side terminal voltage as 
a function of the power-factor angle as the load power factor varies from 
0.6 leading through unity power factor to 0.6 pf lagging. 

Repeat Problem 2.11 for a 75-kVA, 60-Hz, 4600-V:240-V distribution 

transformer whose resistances and leakage reactances are 


R; = 0.8462 R, = 0.00261 2 
Xi, = 26.82 XX, = 0.07452 


where subscript 1 denotes the 4600-V winding and subscript 2 denotes the 

240-V winding. Each quantity is referred to its own side of the transformer. 

A single-phase load is supplied through a 35-kV feeder whose impedance is 

95 + {360 Q and a 35-kV:2400-V transformer whose equivalent impedance is 

0.23 + j1.27 Q referred to its low-voltage side. The load is 160 kW at 0.89 

leading power factor and 2340 V. 

a. Compute the voltage at the high-voltage terminals of the transformer. 

b. Compute the voltage at the sending end of the feeder. 

c. Compute the power and reactive power input at the sending end of the 
feeder. 

Repeat Example 2.6 with the transformer operating at full load and unity 

power factor. 

The nameplate on a 50-MVA, 60-Hz single-phase transformer indicates that it 

has a voltage rating of 8.0-k V:78-kV. An open-circuit test is conducted from 

the low-voltage side, and the corresponding instrument readings are 8.0 kV, 

62.1 A, and 206 kW. Similarly, a short-circuit test from the low-voltage side 

gives readings of 674 V, 6.25 kA, and 187 kW. 

a. Calculate the equivalent series impedance, resistance, and reactance of the 
transformer as referred to the low-voltage terminals. 


2.16 


2.17 


2.18 


2.19 


2.11 Problems 


b. Calculate the equivalent series impedance of the transformer as referred to 
the high-voltage terminals. 

c. Making appropriate approximations, draw a T equivalent circuit for the 
transformer. 

d. Determine the efficiency and voltage regulation if the transformer is 
operating at the rated voltage and load (unity power factor). 

e. Repeat part (d), assuming the load to be at 0.9 power factor leading. 

A 550-kVA, 60-Hz transformer with a 13.8-kV primary winding draws 4.93 A 

and 3420 W at no load, rated voltage and frequency. Another transformer has 

acore with all its linear dimensions /2 times as large as the corresponding 

dimensions of the first transformer. The core material and lamination 

thickness are the same in both transformers. If the primary windings of both 

transformers have the same number of turns, what no-load current and power 

will the second transformer draw with 27.6 kV at 60 Hz impressed on its 

primary? 

The following data were obtained for a 20-kVA, 60-Hz, 2400:240-V 

distribution transformer tested at 60 Hz: 


Voltage, Current, Power, 


v A WwW 
With high-voltage winding open-circuited 240 1.038 122 
With low-voltage terminals short-circuited 61.3 8.33 257 


a. Compute the efficiency at full-load current and the rated terminal voltage 
at 0.8 power factor. 

b. Assume that the load power factor is varied while the load current and 
secondary terminal voltage are held constant. Use a phasor diagram to 
determine the load power factor for which the regulation is greatest. What 
is this regulation? 

A 75-kVa, 240-V:7970-V, 60-Hz single-phase distribution transformer has the 

following parameters referred to the high-voltage side: 


R, =5.932 X= 43.22 
Ry. =3.392 X, =40.62 
Re = 244kQ Xm = 114kQ 


Assume that the transformer is supplying its rated kVA at its low-voltage 
terminals. Write a MATLAB script to determine the efficiency and regulation 
of the transformer for any specified load power factor (leading or lagging). 
You may use reasonable engineering approximations to simplify your 
analysis. Use your MATLAB script to determine the efficiency and regulation 
for a load power factor of 0.87 leading. 

The transformer of Problem 2.11 is to be connected as an autotransformer. 
Determine (a) the voltage ratings of the high- and low-voltage windings for 
this connection and (b) the kVA rating of the autotransformer connection. 
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2.20 


2.21 


2.22 


2.23 


2.24 


2.25 


A 120:480-V, 10-kVA transformer is to be used as an autotransformer to 

supply a 480-V circuit from a 600-V source. When it is tested as a 

two-winding transformer at rated load, unity power factor, its efficiency 

is 0.979. 

a. Make a diagram of connections as an autotransformer. 

b. Determine its kVA rating as an autotransformer. 

c. Find its efficiency as an autotransformer at full load, with 0.85 power 
factor lagging. 

Consider the 8-kV:78-kV, 50-MVA transformer of Problem 2.15 connected as 

an autotransformer. 

a. Determine the voltage ratings of the high- and low-voltage windings for 
this connection and the kVA rating of the autotransformer connection. 

b. Calculate the efficiency of the transformer in this connection when it is 
supplying its rated load at unity power factor. 

Write a MATLAB script whose inputs are the rating (voltage and kVA) and 

rated-load, unity-power-factor efficiency of a single-transformer and whose 

output is the transformer rating and rated-load, unity-power-factor efficiency 

when connected as an autotransformer. 

The high-voltage terminals of a three-phase bank of three single-phase 

transformers are supplied from a three-wire, three-phase 13.8-kV (line-to-line) 

system. The low-voltage terminals are to be connected to a three-wire, 

three-phase substation load drawing up to 4500 kVA at 2300 V line-to-line. 

Specify the required voltage, current, and kVA ratings of each transformer 

(both high- and low-voltage windings) for the following connections: 


High-voltage Low-voltage 


Windings Windings 
a Y A 
b A Y 
Cc Y Y 
d A A 


Three 100-MVA single-phase transformers, rated at 13.8 kV:66.4 kV, are to be 
connected in a three-phase bank. Each transformer has a series impedance of 
0.0045 + 70.19 Q referred to its 13.8-kV winding. 

a. Ifthe transformers are connected Y-Y, calculate (i) the voltage and power 
rating of the three-phase connection, (ii) the equivalent impedance as 
referred to its low-voltage terminals, and (iii) the equivalent impedance as 
referred to its high-voltage terminals. 

b. Repeat part (a) if the transformer is connected Y on its low-voltage side 
and A on its high-voltage side. 

Repeat Example 2.8 for a load drawing rated current from the transformers at 

unity power factor. 


2.26 


2.27 


2.28 


2.29 


2.30 


2.11 Problems 


A three-phase Y-A transformer is rated 225-kV:24-kV, 400 MVA and has a 
series reactance of 11.7 Q as referred to its high-voltage terminals. The 
transformer is supplying a load of 325 MVA, with 0.93 power factor lagging 
at a voltage of 24 kV (line-to-line) on its low-voltage side. It is supplied from 
a feeder whose impedance is 0.11 + j2.2 Q connected to its high-voltage 
terminals. For these conditions, calculate (a) the line-to-line voltage at the 
high-voltage terminals of the transformer and (b) the line-to-line voltage at the 
sending end of the feeder. 

Assume the total load in the system of Problem 2.26 to remain constant at 
325 MVA. Write a MATLAB script to plot the line-to-line voltage which must 
be applied to the sending end of the feeder to maintain the load voltage at 

24 kV line-to-line for load power factors in range from 0.75 lagging to unity 
to 0.75 leading. Plot the sending-end voltage as a function of power factor 
angle. 

A A-Y-connected bank of three identical 100-k VA, 2400-V:120-V, 60-Hz 
transformers is supplied with power through a feeder whose impedance is 
0.065 + j0.87 Q per phase. The voltage at the sending end of the feeder is held 
constant at 2400 V line-to-line. The results of a single-phase short-circuit test 
on one of the transformers with its low-voltage terminals short-circuited are 


Vy =534V f=60Hz Iy=41.7A P=832W 


a. Determine the line-to-line voltage on the low-voltage side of the 
transformer when the bank delivers rated current to a balanced 
three-phase unity power factor load. 

b. Compute the currents in the transformer’s high- and low-voltage windings 
and in the feeder wires if a solid three-phase short circuit occurs at the 
secondary line terminals. 

A 7970-V:120-V, 60-Hz potential transformer has the following parameters as 

seen from the high-voltage (primary) winding: 


X,=1721Q X,=1897Q) Xm = 782 kQ 
R, = 1378Q = Ri = 16022 


a. Assuming that the secondary is open-circuited and that the primary is 
connected to a 7.97-kV source, calculate the magnitude and phase angle 
(with respect to the high-voltage source) of the voltage at the secondary 
terminals. 

b. Calculate the magnitude and phase angle of the secondary voltage if a 
1-kQ resistive load is connected to the secondary terminals. 

c. Repeat part (b) if the burden is changed to a 1-kQ reactance. 

For the potential transformer of Problem 2.29, find the maximum reactive 

burden (mimimum reactance) which can be applied at the secondary terminals 

such that the voltage magnitude error does not exceed 0.5 percent. 
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2.31 


2.32 


2.34 


2.35 


Consider the potential transformer of Problem 2.29. 

a. Use MATLAB to plot the percentage error in voltage magnitude as a 
function of the magnitude of the burden impedance (i) for a resistive 
burden of 100 Q < Ry < 3000 Q and (ii) for a reactive burden of 
100 Q < X, < 3000 &2. Plot these curves on the same axis. 

b. Next plot the phase error in degrees as a function of the magnitude of the 
burden impedance (i) for a resistive burden of 100 Q < Rp < 3000 Q 
and (ii) for a reactive burden of 100 Q < X, < 3000 Q. Again, plot these 
curves on the same axis. 

A 200-A:5-A, 60-Hz current transformer has the following parameters as seen 

from the 200-A (primary) winding: 


X, =745pQ X$=813y2Q Xm =307mQ 
R, = 136 uQ = Rb = 128 w2Q 


a. Assuming a current of 200 A in the primary and that the secondary is 
short-circuited, find the magnitude and phase angle of the secondary 
current. 

b. Repeat the calculation of part (a) if the CT is shorted through a 250 wQ 
burden. 

Consider the current transformer of Problem 2.32. 

a. Use MATLAB to plot the percentage error in current magnitude as a 
function of the magnitude of the burden impedance (/) for a resistive 
burden of 100 Q < Ry < 1000 Q and (ii) for a reactive burden of 
100 2 < X, < 1000 Q2. Plot these curves on the same axis. 

b. Next plot the phase error in degrees as a function of the magnitude of the 
burden impedance (i) for a resistive burden of 100 Q < Ry < 1000 Q 
and (ii) for a reactive burden of 100 Q < X, < 1000 &. Again, plot these 
curves on the same axis. 

A 15-kV:175-kV, 125-MVA, 60-Hz single-phase transformer has primary and 

secondary impedances of 0.0095 + j0.063 per unit each. The magnetizing 

impedance is j 148 per unit. All quantities are in per unit on the transformer 
base. Calculate the primary and secondary resistances and reactances and the 
magnetizing inductance (referred to the low-voltage side) in ohms and 
henrys. 

The nameplate on a 7.97-kV:460-V, 75-kVA, single-phase transformer 

indicates that it has a series reactance of 12 percent (0.12 per unit). 

a. Calculate the series reactance in ohms as referred to (i) the low-voltage 
terminal and (ii) the high-voltage terminal. 

b. If three of these transformers are connected in a three-phase Y-Y 
connection, calculate (i) the three-phase voltage and power rating, (ii) the 
per unit impedance of the transformer bank, (iii) the series reactance in 


2.11 Problems 


ohms as referred to the high-voltage terminal, and (iv) the series reactance 
in ohms as referred to the low-voltage terminal. 

c. Repeat part (b) if the three transformers are connected in Y on their HV 
side and A on their low-voltage side. 

2.36 a. Consider the Y-Y transformer connection of Problem 2.35, part (b). If the 
rated voltage is applied to the high-voltage terminals and the three 
low-voltage terminals are short-circuited, calculate the magnitude of the 
phase current in per unit and in amperes on (i) the high-voltage side and 
(ii) the low-voltage side. 

b. Repeat this calculation for the Y-A connection of Problem 2.35, part (c). 

2.37 A three-phase generator step-up transformer is rated 26-kV:345-kV, 850 MVA 

and has a series impedance of 0.0035 + j0.087 per unit on this base. It is 
connected to a 26-kV, 800-MVA generator, which can be represented as a 
voltage source in series with a reactance of 71.57 per unit on the generator 
base. 

a. Convert the per unit generator reactance to the step-up transformer base. 
b. The unit is supplying 700 MW at 345 kV and 0.95 power factor lagging to 
the system at the transformer high-voltage terminals. (i) Calculate the 
transformer low-side voltage and the generator internal voltage behind its 

reactance in kV. (ii) Find the generator output power in MW and the 
power factor. 
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e are concerned here with the electromechanical-energy-conversion pro- 

cess, which takes place through the medium of the electric or magnetic 

field of the conversion device. Although the various conversion devices 
operate on similar principles, their structures depend on their function. Devices for 
measurement and control are frequently referred to as transducers; they generally 
operate under linear input-output conditions and with relatively small signals. The 
many examples include microphones, pickups, sensors, and loudspeakers. A second 
category of devices encompasses force-producing devices and includes solenoids, 
relays, and electromagnets. A third category includes continuous energy-conversion 
equipment such as motors and generators. 

This chapter is devoted to the principles of electromechanical energy conversion 
and the analysis of the devices which accomplish this function. Emphasis is placed 
on the analysis of systems which use magnetic fields as the conversion medium since 
the remaining chapters of the book deal with such devices. However, the analytical 
techniques for electric field systems are quite similar. 

The purpose of such analysis is threefold: (1) to aid in understanding how energy 
conversion takes place, (2) to provide techniques for designing and optimizing the 
devices for specific requirements, and (3) to develop models of electromechanical- 
energy-conversion devices that can be used in analyzing their performance as compo- 
nents in engineering systems. Transducers and force-producing devices are treated in 
this chapter; continuous energy-conversion devices are treated in the rest of the book. 

The concepts and techniques presented in this chapter are quite powerful and 
can be applied to a wide range of engineering situations involving electromechanical 
energy conversion. Sections 3.1 and 3.2 present a quantitative discussion of the forces 
in electromechanical systems and an overview of the energy method which forms the 
basis for the derivations presented here. Based upon the energy method, the remainder 


3.1 Forces and Torques in Magnetic Field Systems 


of the chapter develops expressions for forces and torques in magnetic-field-based 
electromechanical systems. 


3.1 FORCES AND TORQUES IN MAGNETIC 
FIELD SYSTEMS 


The Lorentz Force Law 
F=gq(E+v ~ B) (3.1) 


gives the force F on a particle of charge g in the presence of electric and magnetic 
fields. In SI units, F is in newtons, g in coulombs, E in volts per meter, B in teslas, 
and v, which is the velocity of the particle relative to the magnetic field, in meters per 
second. 

Thus, ina pure electric-field system, the force is determined simply by the charge 
on the particle and the electric field 


F=gqE (3.2) 


The force acts in the direction of the electric field and is independent of any particle 
motion. 

In pure magnetic-field systems, the situation is somewhat more complex. Here 
the force 


F = q(v x B) (3.3) 


is determined by the magnitude of the charge on the particle and the magnitude of 
the B field as well as the velocity of the particle. In fact, the direction of the force 
is always perpendicular to the direction of both the particle motion and that of the 
magnetic field. Mathematically, this is indicated by the vector cross product v x Bin 
Eq. 3.3. The magnitude of this cross product is equal to the product of the magnitudes 
of v and B and the sine of the angle between them; its direction can be found from 
the right-hand rule, which states that when the thumb of the right hand points in the 
direction of v and the index finger points in the direction of B, the force, which is 
perpendicular to the directions of both B and v, points in the direction normal to the 
palm of the hand, as shown in Fig. 3.1. 

For situations where large numbers of charged particles are in motion, it is con- 
venient to rewrite Eq. 3.1 in terms of the charge density p (measured in units of 
coulombs per cubic meter) as 


F, = p(E+v x B) (3.4) 


where the subscript v indicates that Fy is a force density (force per unit volume) which 
in SI units is measured in newtons per cubic meter. 
The product pv is known as the current density 


J=pv (3.5) 


which has the units of amperes per square meter. The magnetic-system force density 
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v 
Vv 
B 
F 
| 
/ 
Figure 3.1 Right-hand rule for determining the 


direction magnetic-field component of the Lorentz 
force F = q(v x B). 


corresponding to Eq. 3.3 can then be written as 
F,=JxB (3.6) 


For currents flowing in conducting media, Eq. 3.6 can be used to find the force 
density acting on the material itself. Note that a considerable amount of physics is 
hidden in this seemingly simple statement, since the mechanism by which the force 
is transferred from the moving charges to the conducting medium is a complex one. 


A nonmagnetic rotor containing a single-turn coil is placed in a uniform magnetic field of 
magnitude Bo, as shown in Fig. 3.2. The coil sides are at radius R and the wire carries current J 


Uniform magnetic field, Boy 


™> 


Wire 1, current J 
into paper 


> 


Wire 2, current J 
out of paper 


Figure 3.2 Single-coil rotor for Example 3.1. 


3.1 Forces and Torques in Magnetic Field Systems 


as indicated. Find the @-directed torque as a function of rotor position a when J = 10 A, 
By = 0.02 T and R = 0.05 m. Assume that the rotor is of length / = 0.3 m. 


@ Solution 

The force per unit length on a wire carrying current J can be found by multiplying Eq. 3.6 by 
the cross-sectional area of the wire. When we recognize that the product of the cross-sectional 
area and the current density is simply the current I, the force per unit length acting on the wire 
is given by 


F=IxB 
Thus, for wire | carrying current J into the paper, the 6-directed force is given by 


F,, = —I Bol sina 


6 
and for wire 2 (which carries current in the opposite direction and is located 180° away from 


wire 1) 


F,, = —IBol sin a 


where / is the length of the rotor. The torque T acting on the rotor is given by the sum of the 
force-moment-arm products for each wire 


T = —2] ByRI sina = —2(10)(0.02)(0.05)(0.3) sina = —0.006sina N-m 


Repeat Example 3.1 for the situation in which the uniform magnetic field points to the right 
instead of vertically upward as in Fig. 3.2. 


Solution 
T =—0.006cosa N-m 


For situations in which the forces act only on current-carrying elements and 
which are of simple geometry (such as that of Example 3.1), Eq. 3.6 is generally the 
simplest and easiest way to calculate the forces acting on the system. Unfortunately, 
very few practical situations fall into this class. In fact, as discussed in Chapter 1, most 
electromechanical-energy-conversion devices contain magnetic material; in these sys- 
tems, forces act directly on the magnetic material and clearly cannot be calculated 
from Eq. 3.6. 

Techniques for calculating the detailed, localized forces acting on magnetic ma- 
terials are extremely complex and require detailed knowledge of the field distribution 
throughout the structure. Fortunately, most electromechanical-energy-conversion de- 
vices are constructed of rigid, nondeforming structures. The performance of these 
devices is typically determined by the net force, or torque, acting on the moving 
component, and it is rarely necessary to calculate the details of the internal force 
distribution. For example, in a properly designed motor, the motor characteristics are 
determined by the net accelerating torque acting on the rotor; accompanying forces, 
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which act to squash or deform the rotor, play no significant role in the performance 
of the motor and generally are not calculated. 

To understand the behavior of rotating machinery, a simple physical picture is 
quite useful. Associated with the rotor structure is a magnetic field (produced in 
many machines by currents in windings on the rotor), and similarly with the stator; 
one can picture them as a set of north and south magnetic poles associated with each 
structure. Just as a compass needle tries to align with the earth’s magnetic field, these 
two sets of fields attempt to align, and torque is associated with their displacement 
from alignment. Thus, in a motor, the stator magnetic field rotates ahead of that of 
the rotor, pulling on it and performing work. The opposite is true for a generator, in 
which the rotor does the work on the stator. 

Various techniques have evolved to calculate the net forces of concern in the 
electromechanical-energy-conversion process. The technique developed in this chap- 
ter and used throughout the book is known as the energy method and is based on 
the principle of conservation of energy. The basis for this method can be understood 
with reference to Fig. 3.3a, where a magnetic-field-based electromechanical-energy- 
conversion device is indicated schematically as a lossless magnetic-energy-storage 
system with two terminals. The electric terminal has two terminal variables, a volt- 
age e and a current i, and the mechanical terminal also has two terminal variables, a 
force faq and a position x. 

This sort of representation is valid in situations where the loss mechanism can be 
separated (at least conceptually) from the energy-storage mechanism. In these cases 
the electrical losses, such as ohmic losses in windings, can be represented as external 
elements (i.e., resistors) connected to the electric terminals, and the mechanical losses, 
such as friction and windage, can be included external to the mechanical terminals. 
Figure 3.3b shows an example of such a system; a simple force-producing device 
with a single coil forming the electric terminal, and a movable plunger serving as the 
mechanical terminal. 

The interaction between the electric and mechanical terminals, i.e., the elec- 
tromechanical energy conversion, occurs through the medium of the magnetic stored 
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Figure 3.3 (a) Schematic magnetic-field electromechanical-energy-conversion device; (b) simple 


force-producing device. 


3.2 Energy Balance 


energy. Since the energy-storage system is lossless, it is a simple matter to write that 
the time rate of change of Wau, the stored energy in the magnetic field, is equal to the 
electric power input (given by the product of the terminal voltage and current) less 
the mechanical power output of the energy storage system (given by the product of 
the mechanical force and the mechanical velocity): 


dWaa 
dt 


dx 
= ¢,—-f,5— 3.7 
ei — faa oP (3.7) 


Recognizing that, from Eq. 1.27, the voltage at the terminals of our lossless 
winding is given by the time-derivative of the winding flux linkages 


dr 
and multiplying Eq. 3.7 by dt, we get 
aWra =idrA— Fa dx (3.9) 


As shown in Section 3.4, Eq. 3.9 permits us to solve for the force simply as a 
function of the flux 4 and the mechanical terminal position x. Note that this result 
comes about as a consequence of our assumption that it is possible to separate the 
losses out of the physical problem, resulting in a lossless energy-storage system, as 
in Fig. 3.3a. 

Equations 3.7 and 3.9 form the basis for the energy method. This technique is quite 
powerful in its ability to calculate forces and torques in complex electromechanical- 
energy-conversion systems. The reader should recognize that this power comes at the 
expense of a detailed picture of the force-producing mechanism. The forces them- 
selves are produced by such well-known physical phenomena as the Lorentz force on 
current carrying elements, described by Eq. 3.6, and the interaction of the magnetic 
fields with the dipoles in the magnetic material. 


3.2 ENERGY BALANCE 


The principle of conservation of energy states that energy is neither created nor 
destroyed; it is merely changed in form. For example, a golf ball leaves the tee with a 
certain amount of kinetic energy; this energy is eventually dissipated as heat due to air 
friction or rolling friction by the time the ball comes to rest on the fairway. Similarly, 
the kinetic energy of a hammer is eventually dissipated as heat as a nail is driven into 
a piece of wood. For isolated systems with clearly identifiable boundaries, this fact 
permits us to keep track of energy in a simple fashion: the net flow of energy into the 
system across its boundary is equal to the sum of the time rate of change of energy 
stored in the system. 

This result, which is a statement of the first law of thermodynamics, is quite 
general. We apply it in this chapter to electromechanical systems whose predominant 
energy-storage mechanism is in magnetic fields. In such systems, one can account for 
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Combining Eqs. 3.11 and 3.12 results in 
dWetec = C1 dt = dWmech + dWaa (3.13) 


Equation 3.13, together with Faraday’s law for induced voltage (Eq. 1.27), form 
the basis for the energy method; the following sections illustrate its use in the analysis 
of electromechanical-energy-conversion devices. 


3.3 ENERGY IN SINGLY-EXCITED MAGNETIC 
FIELD SYSTEMS 


In Chapters 1 and 2 we were concerned primarily with fixed-geometry magnetic 
circuits such as those used for transformers and inductors. Energy in those devices is 
stored in the leakage fields and to some extent in the core itself. However, the stored 
energy does not enter directly into the transformation process. In this chapter we are 
dealing with energy-conversion systems; the magnetic circuits have air gaps between 
the stationary and moving members in which considerable energy is stored in the 
magnetic field. This field acts as the energy-conversion medium, and its energy is the 
reservoir between the electric and mechanical systems. 

Consider the electromagnetic relay shown schematically in Fig. 3.4. The resis- 
tance of the excitation coil is shown as an external resistance R, and the mechanical 
terminal variables are shown as a force faq produced by the magnetic field directed 
from the relay to the external mechanical system and a displacement x; mechanical 
losses can be included as external elements connected to the mechanical terminal. 
Similarly, the moving armature is shown as being massless; its mass represents me- 
chanical energy storage and can be included as an external mass connected to the 
mechanical terminal. As a result, the magnetic core and armature constitute a lossless 
magnetic-energy-storage system, as is represented schematically in Fig. 3.3a. 

This relay structure is essentially the same as the magnetic structures analyzed in 
Chapter 1. In Chapter 1 we saw that the magnetic circuit of Fig. 3.4 can be described by 
an inductance L which is a function of the geometry of the magnetic structure and the 


fi Mechanical 
NO 


] 
ee | fra source 


} + Massless 


aay aN magnetic 


Electrical armature 
source Lossless \ 


\ / 
coil | ate ae | eae 


Magnetic core 


Figure 3.4 Schematic of an electromagnetic relay. 
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permeability of the magnetic material. Electromechanical-energy-conversion devices 
contain air gaps in their magnetic circuits to separate the moving parts. As discussed in 
Section 1.1, in most such cases the reluctance of the air gap is much larger than that of 
the magnetic material. Thus the predominant energy storage occurs in the air gap, and 
the properties of the magnetic circuit are determined by the dimensions of the air gap. 

Because of the simplicity of the resulting relations, magnetic nonlinearity and 
core losses are often neglected in the analysis of practical devices. The final results 
of such approximate analyses can, if necessary, be corrected for the effects of these 
neglected factors by semi-empirical methods. Consequently, analyses are carried out 
under the assumption that the flux and mmf are directly proportional for the entire 
magnetic circuit. Thus the flux linkages A and current i are considered to be linearly 
related by an inductance which depends solely on the geometry and hence on the 
armature position x. 


A= L(x)i (3.14) 


where the explicit dependence of L on x has been indicated. 

Since the magnetic force fq has been defined as acting from the relay upon the 
external mechanical system and dWyech is defined as the mechanical energy output 
of the relay, we can write 


AWmech = fa ax (3.15) 
Thus, using Eq. 3.15 and the substitution d Wejec = i dA, we can write Eq. 3.11 as 
d Waa =idr— faa dx (3.16) 


Since the magnetic energy storage system is lossless, it is a conservative system 
and the value of Wag is uniquely specified by the values of A and x; A and x are thus 
referred to as state variables since their values uniquely determine the state of the 
system. 

From this discussion we see that Wag, being uniquely determined by the values 
of 2 and x, is the same regardless of how 2 and x are brought to their final values. 
Consider Fig. 3.5, in which two separate paths are shown over which Eq. 3.16 can be 
integrated to find Wag at the point (Ao, xo). Path 1 is the general case and is difficult to 
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Figure 3.5 Integration paths 
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integrate unless both i and faq are known explicitly as a function of 4 and x. However, 
because the integration of Eq. 3.16 is path independent, path 2 gives the same result 
and is much easier to integrate. From Eq. 3.16 


Waa(Ao, Xo) = / adWra + i aWaa (3.17) 
path 2a path 2b 
Notice that on path 2a, dA = Oand fa = O(since A = O and there can be no magnetic 
force in the absence of magnetic fields). Thus from Eq. 3.16, dWaq = 0 on path 2a. 
On path 2b, dx = 0, and, thus, from Eq. 3.16, Eq. 3.17 reduces to the integral of i dA 
over path 2b (for which x = x9). 


Ao 
Waa(bo, x0) = [iC x0) dd G.18) 
0 
For a linear system in which A is proportional to 7, as in Eq. 3.14, Eq. 3.18 gives 
A A x! 1 a2 
Waa, x) = i(A’,x) dv = ‘= -—— 3.19 
fa(A, x) / iA’, x) [ L@ 2 LG) (3.19) 


It can be shown that the magnetic stored energy can also be expressed in terms of 
the energy density of the magnetic field integrated over the volume V of the magnetic 


field. In this case 
B 
Waa = | ¢ Hab) dV (3.20) 
v \Jo 


For soft magnetic material of constant permeability (B = 4H), this reduces to 


2 
Waa =) (=) dV (3.21) 
V Lh 


The relay shown in Fig. 3.6a is made from infinitely-permeable magnetic material with a 
movable plunger, also of infinitely-permeable material. The height of the plunger is much 
greater than the air-gap length (h >> g). Calculate the magnetic stored energy Wag as a function 
of plunger position (0 < x < d) for N = 1000 turns, g = 2.0 mm, d = 0.15 m,/ = 0.1 m, 
andi = 10A. 


# Solution 

Equation 3.19 can be used to solve for Waa when 2 is known. For this situation, i is held 
constant, and thus it would be useful to have an expression for Waa as a function of i and x. 
This can be obtained quite simply by substituting Eq. 3.14 into Eq. 3.19, with the result 


1 
Waa = 2 L (x i 
The inductance is given by 


N? Aga 
L(x) = Hot “zap 
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where A,,, is the gap cross-sectional area. From Fig. 3.6b, Aga) can be seen to be 


x 
Ay =U(d —x) =Id(1~= 
2ata-0=t4(1~2) 


Thus 
2 = 
i@= LoN*ld( — x/d) 
2g 
and 
1 N?pold(1 —x/d) |, 
Wee = = —————_ i 
fid 2 22 I 
eal (1000?) (4x x 1077)(0.1)(0.15) x 102 (1 *) 
aa) 2(0.002) 
x 
= 236 (1 é *) J 
d 


| Practice Problem 3.2 | Problem 3.2 


The relay of Fig. 3.6 is modified in such a fashion that the air gaps surrounding the plunger are 
no longer uniform. The top air gap length is increased to g,.) = 3.5 mm and that of the bottom 
gap is increased to gy. = 2.5 mm. The number of turns is increased to N = 1500. Calculate 
the stored energy as a function of plunger position (0 < x < d) foracurrent of i =5A. 


Solution 
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Figure 3.6 (a) Relay with movable piunger for Example 3.2. (b) Detail showing 
air-gap configuration with the plunger partially removed. 


3.4 Determination of Magnetic Force and Torque from Energy 


In this section we have seen the relationship between the magnetic stored energy 
and the electric and mechanical terminal variables for a system which can be repre- 
sented in terms of a lossless-magnetic-energy-storage element. If we had chosen for 
our example a device with a rotating mechanical terminal instead of a linearly dis- 
placing one, the results would have been identical except that force would be replaced 
by torque and linear displacement by angular displacement. In Section 3.4 we see 
how knowledge of the magnetic stored energy permits us to solve for the mechanical 
force and torque. 


3.4 DETERMINATION OF MAGNETIC FORCE 
AND TORQUE FROM ENERGY 


As discussed in Section 3.3, for a lossless magnetic-energy-storage system, the mag- 
netic stored energy Wag is a state function, determined uniquely by the values of 
the independent state variables 2 and x. This can be shown explicitly by rewriting 
Eq. 3.16 in the form 


aWaalr, x) =idi— faa dx (3.22) 


For any state function of two independent variables, e.g., F(x;, x2), the total 
differential of F with respect to the two state variables x; and x2 can be written 


dx2 (3.23) 


x2 


It is extremely important to recognize that the partial derivatives in Eq. 3.23 are each 
taken by holding the opposite state variable constant. 
Equation 3.23 is valid for any state function F and hence it is certainly valid for 
Waa; thus 
o Waa 
OA 


o Waa 


dWaa(a, x) = As 


dii+ 


x 


dx (3.24) 


A 


Since A and x are independent variables, Eqs. 3.22 and 3.24 must be equal for all 
values of dA and dx, and so 


._ OWaalA, x) 
SE 3.25 
i a |. (3.25) 
where the partial derivative is taken while holding x constant and 
OWaalA, 
Ga (3.26) 
Ox a 


in this case holding A constant while taking the partial derivative. 

This is the result we have been seeking. Once we know Wag as a function of A 
and x, Eq. 3.25 can be used to solve for i(A,, x). More importantly, Eq. 3.26 can be 
used to solve for the mechanical force faq(A, x). It cannot be overemphasized that the 
partial derivative of Eq. 3.26 is taken while holding the flux linkages d. constant. This 
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is easily done provided Wag is a known function of 4 and x. Note that this is purely 
a mathematical requirement and has nothing to do with whether 2 is held constant 
when operating the actual device. 

The force fgq is determined from Eq. 3.26 directly in terms of the electrical state 
variable A. If we then want to express the force as a function of i, we can do so by 
substituting the appropriate expression for 2 as a function of i into the expression for 
Faa that is obtained by using Eq. 3.26. 

For linear magnetic systems for which A = L(x)i, the energy is expressed by 
Eq. 3.19 and the force can be found by direct substitution in Eq. 3.26 


eee |e ee 
faa = ~ a OT) , 2L(e)? dx 


If desired, the force can now be expressed in directly in terms of the current i simply 
by substitution of A = L(x)i 


(3.27) 


i? dL(x) 
fia = a a 


3 Table 3.1 contains data from an experiment in which the inductance of a solenoid was measured 
as a function of position x, where x = 0 corresponds to the solenoid being fully retracted. 


(3.28) 


Table 3.1 Data for Example 3.3. 


x [em] 0 02 04 06 08 1.0 1.2 1.4 1.6 18 2.0 
L [mH] 28 2.26 1.78 1.52 1.34 1.26 1.20 1.16 41.13 1.11 1.10 


Plot the solenoid force as a function of position for a current of 0.75 A over the range 0.2 < 
x < 1.8cm. 


@ Solution 

The solution is most easily obtained using MATLAB.’ First, a fourth-order polynomial fit of 
the inductance as a function of x is obtained using the MATLAB function polyfit. The result is 
of the form 


L(x) = a(1)x* + a(2)x? + a(3)x? + a(4)x + a(5) 


Figure 3.7a shows a plot of the data points along with the results of the polynomial fit. 
Once this fit has been obtained, it is a straight forward matter to calculate the force from 
Eq. 3.28. 


Ss i? dL(x) 
2 dx 


fid 


2 
= 5 (da(I)x" 4 3a(2)x? + 2a(3)x +.a(4)) 


This force is plotted in Figure 3.7b. Note that the force is negative, which means that it is acting 
in such a direction as to pull the solenoid inwards towards x = 0. 


+ MATLAB is a registered trademark of The MathWorks, Inc. 
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Figure 3.7 Example 3.3. (a) Polynomial curve fit of inductance. (b) Force as a 
function of position x for i) = 0.75 A. 
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Here is the MATLAB script: 


cle 
clear 


% Here is the data: x in cm, L in mH 
xdata = [0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0]; 
Ldata = [2.8 2.26 1.78 1.52 1.34 1.26 1.20 1.16 1.13 1.11 1.10]; 


SConvert to SI units 
x = xdata*l.e-2; 
L = Ldata*l.e-3; 
len = length(x); 
xmax = x(len); 
Use polyfit to perform a 4’th order fit of L to x. Store 


% 

% the polynomial coefficients in vector a. The fit will be 
% of the form: 
% 
% 
% 


Lfit = a(1)*x*4 + a(2)*x73 + a(3)*x*72 + a(4)*x + a(5); 


= polyfit(x,L,4); 


om 


% Let’s check the fit 


£Or on. = e101 
xfit(n) = xmax*(n-1)/100; 
Lfit(n) = a(1)*xfit(n)*4 + a(2)*xfit(n)*3 + a(3)*xfit(n)*2 
+ a(4)*xfit(n) + a(5); 

end 


% Plot the data andthen the fit to compare (convert xfit to cm and 
% Lfit to mH) 


plot (xdata, Ldata,’*’) 
hold 

plot (xfit*100,Lfit*1000) 
hold 

xlabel(’x [cm]’) 
ylabel(’L [mH] ’) 


fprintf(’\n Paused. Hit any key to plot the force.\n’) 
pause; 


% Now plot the force. The force will be given by 

% 

% i%2 dL 1°72 

% --- * ---- = --~ ( 4%a(1)*x73 4+ 3%*a(2)*x72 + 2*a(3)*x + a(4)) 
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Set current to 0.75 A 


T=: 0/5); 
for n = 1:101 
xfit(n) = 0.002 + 0.016*(n-1)/100; 


F(n) =4*a(1)*xfit(n)°3+3*a(2)*xfit(n)*°24+2*a(3)*xfit(n)+a(4); 
F(n) = (1I72/2)*F(n); 
end 


plot (xfit*100,F) 
xlabel(’x [cm]’) 
ylabel(’Force [N]’) 


| Practice Problem 3.3 | Problem 3.3 


An external controller is connected to the solenoid of Example 3.3 which maintains the coil 
flux linkages constant at A = 1.5 mWb. Plot the resultant solenoid force over the range 
0.2 <x < 1.8 cm. 


Solution 


The resultant force is plotted in Fig. 3.8. 
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Figure 3.8 Practice problem 3.3. Plot of force vs. x for A = 1.5 mWb. 
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For a system with a rotating mechanical terminal, the mechanical terminal vari- 
ables become the angular displacement @ and the torque Tag. In this case, Eq. 3.22 
becomes 


dWag(a, 0) =idd — Tag dO (3.29) 


where the explicit dependence of Wag on state variables 1 and @ has been indicated. 
By analogy to the development that led to Eq. 3.26, the torque can be found from 
the negative of the partial derivative of the energy with respect to @ taken holding A 
constant 
Waal, 8) 
00 7 


For linear magnetic systems for which A = L(6@)i, by analogy to Eq. 3.19 the 
energy is given by 


Tad = (3.30) 


2 
Wada, 6) = = 3.31 
ad(A, @) 2 LO) (3.31) 
The torque is therefore given by 
a /1 2» 1 4? dL@) 
Tha = -—aIa =-— 3.32 
ag a0 (5 iz) , 2L0) dé ce, 
which can be expressed indirectly in terms of the current i as 
i? dL(@) 
=> 3.33 
id = > 5 (3.33) 


The magnetic circuit of Fig. 3.9 consists of a single-coil stator and an oval rotor. Because the 
air-gap is nonuniform, the coil inductance varies with rotor angular position, measured between 
the magnetic axis of the stator coil and the major axis of the rotor, as 


L(@) = Lo + L2 cos (26) 
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Figure 3.9 Magnetic circuit for 
Example 3.4. 
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where Ly = 10.6 mH and L, = 2.7 mH. Note the second-harmonic variation of inductance 
with rotor angle 6. This is consistent with the fact that the inductance is unchanged if the rotor 
is rotated through an angle of 180°. 

Find the torque as a function of @ for a coil current of 2 A. 


@ Solution 
From Eq. 3.33 


+ 2 
Trs(@) = 5 = 5 (—2La sin (28) 
Numerical substitution gives 
Taa(@) = —1.08 x 10-*sin (20) N-m 


Note that in this case the torque acts in such a direction as to pull the rotor axis in alignment 
with the coil axis and hence to maximize the coil inductance. 


Practice Problem 3.4 


The inductance of a coil on a magnetic circuit similar to that of Fig. 3.9 is found to vary with 
rotor position as 


L(@) = Lo + L2.c0s (20) + Ly sin (48) 


where Ly = 25.4 mH, L, = 8.3 mH and L, = 1.8 mH. (a) Find the torque as a function of 6 
for a winding current of 3.5 A. (b) Find a rotor position 6,4, that produces the largest negative 
torque. 


Solution 


a. Tag(@) = —0.1017 sin (26) + 0.044 cos (46) N-m 
b. The largest negative torque occurs when 6 = 45° and 6 = 225°. This can be 
determined analytically, but it is helpful to plot the torque using MATLAB. 


3.5 DETERMINATION OF MAGNETIC FORCE 
AND TORQUE FROM COENERGY 


A mathematical manipulation of Eq. 3.22 can be used to define a new state function, 
known as the coenergy, from which the force can be obtained directly as a function 
of the current. The selection of energy or coenergy as the state function is purely a 
matter of convenience; they both give the same result, but one or the other may be 
simpler analytically, depending on the desired result and the characteristics of the 
system being analyzed. 

The coenergy Wa, is defined as a function of i and x such that 


Waali, x) = iA — Waa(A, x) (3.34) 
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The desired derivation is carried out by using the differential of iA 


d(id) =iddk+)di (3.35) 
and the differential of dWag(A, x) from Eq. 3.22. From Eq. 3.34 
dWaa(i, x) = d(id) — dWaa(A, x) (3.36) 
Substitution of Eqs. 3.22 and 3.35 into Eq. 3.36 results in 
dWag(i, x) = Adi + fag dx (3.37) 


From Eq. 3.37, the coenergy Wa,(i, x) can be seen to be a state function of the 
two independent variables i and x. Thus, its differential can be expressed as 


/ 
dW, (i, x) = ota) be de dx (3.38) 
t 


x 


aWha 
x 


i 


Equations 3.37 and 3.38 must be equal for all values of di and dx; thus 


a 

joc 2 nae) (3.39) 
Oi Ne 

jee (3.40) 
Ox j 


Equation 3.40 gives the mechanical force directly in terms of i and x. Note that 
the partial derivative in Eq. 3.40 is taken while holding i constant; thus W,, must be 
a known function of i and x. For any given system, Eqs. 3.26 and 3.40 will give the 
same result; the choice as to which to use to calculate the force is dictated by user 
preference and convenience. 

By analogy to the derivation of Eq. 3.18, the coenergy can be found from the 
integral of i di 


Wi (i, x) = i. AG’, x) di’ (3.41) 
0 


For linear magnetic systems for which A = L(x)i, the coenergy is therefore given 
by 


1 
Waal, x) = Lai (3.42) 
and the force can be found from Eq. 3.40 
i? dL(x) 
= 3.43 
st Rae aa (3.43) 


which, as expected, is identical to the expression given by Eq. 3.28. 
Similarly, for a system with a rotating mechanical displacement, the coenergy 
can be expressed in terms of the current and the angular displacement @ 


Waal, 9) = ie xi", 8) di’ (3.44) 
0 


3.5 Determination of Magnetic Force and Torque from Coenergy 


and the torque is given by 


dWaa(i, 8) 
ice 3.45 
fid 30 (3.45) 
If the system is magnetically linear, 
1 
Wagli, 8) = 5 Li (3.46) 
and 
i? dL(6) 
= ——_ 3.47 
id = > G9 (3.47) 


which is identical to Eq. 3.33. 
In field-theory terms, for soft magnetic materials (for which B = 0 when H = 0), 


it can be shown that 
Ho 
Wha | (| B- aH) dv (3.48) 
v \Jo 


For soft magnetic material with constant permeability (B = H), this reduces to 
H2 
Wi = | Ee dV (3.49) 
y 2 


For permanent-magnet (hard) materials such as those which are discussed in 
Chapter 1 and for which B = 0 when H = H,, the energy and coenergy are equal to 
zero when B = 0 and hence when H = H,. Thus, although Eq. 3.20 still applies for 
calculating the energy, Eq. 3.48 must be modified to the form 


Ho 
Waa= | (| B- dH) dV (3.50) 
V HH; 


Note that Eq. 3.50 can be considered to apply in general since soft magnetic materials 
can be considered to be simply hard magnetic materials with H, = 0, in which case 
Eq. 3.50 reduces to Eq. 3.48. 

In some cases, magnetic circuit representations may be difficult to realize or may 
not yield solutions of the desired accuracy. Often such situations are characterized 
by complex geometries and/or magnetic materials driven deeply into saturation. In 
such situations, numerical techniques can be used to evaluate the system energy using 
Eq. 3.20 or the coenergy using either Eqs. 3.48 or 3.50. 

One such technique, known as the finite-element method,' has become widely 
used. For example, such programs, which are available commercially from a number 
of vendors, can be used to calculate the system coenergy for various values of the 
displacement x of a linear-displacement actuator (making sure to hold the current 
constant as x is varied). The force can then be obtained from Eq. 3.40, with the 
derivative of coenergy with respect to x being calculated numerically from the results 
of the finite-element analysis. 


' See, for example, P. P. Sylvester and R. L. Ferrari, Finite Elements for Electrical Engineers, Cambridge 
University Press, New York, 1983. 
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For the relay of Example 3.2, find the force on the plunger as a function of x when the coil is 
driven by a controller which produces a current as a function of x of the form 


ix) = (=) A 


Hf Solution 
From Example 3.2 


_ poN?Id(1 — x/d) 


L(x) 2g 


This is a magnetically-linear system for which the force can be calculated as 


PdbG@)_ 7 (ae) 


a ae i) 2g 


Substituting for i(x), the expression for the force as a function of x can be determined as 


Tj poN?71 (2) 
4g d 


fra = 


Note that from Eq. 3.46, the coenergy for this system is equal to 


i? N?old(1 — x/d) 


7 e i? 
Waali, x) = 7 be) = ) 2e 


Substituting for i(x), this can be written as 


Wi(i,.x) = ISN? pold(1 — x/d) (* ) 
49 d 

Note that, although this is a perfectly correct expression for the coenergy as a function of x 
under the specified operating conditions, if one were to attempt to calculate the force from taking 
the partial derivative of this expression for W,, with respect to x, the resultant expression would 
not give the correct expression for the force. The reason for this is quite simple: As seen from 
Eq. 3.40, the partial derivative must be taken holding the current constant. Having substituted 
the expression for i(x) to obtain the expression, the current is no longer a constant, and this 
requirement cannot be met. This illustrates the problems that can arise if the various force and 


torque expressions developed here are misapplied. 


| Practice Problem 3.5 | Problem 3.5 


Consider a plunger whose inductance varies as 


L(x) = Lo(1 — (/d)’) 
Find the force on the plunger as a function of x when the coil is driven by a controller 
which produces a current as a function of x of the form 


ix) = Ih (x) a 


3.5 Determination of Magnetic Force and Torque from Coenergy 


Solution 


Fora magnetically-linear system, the energy and coenergy are numerically equal: 
5a?/L = }Li’. The same is true for the energy and coenergy densities: 5 B’/u = 
5uH 2 For a nonlinear system in which 4 and i or B and H are not linearly propor- 
tional, the two functions are not even numerically equal. A graphical interpretation 
of the energy and coenergy for a nonlinear system is shown in Fig. 3.10. The area 
between the A — i curve and the vertical axis, equal to the integral of i di, is the 
energy. The area to the horizontal axis given by the integral of A di is the coenergy. 
For this singly-excited system, the sum of the energy and coenergy is, by definition 
(see Eq. 3.34), 


Waa + Wag = di (3.51) 


The force produced by the magnetic field in a device such as that of Fig. 3.4 for 
some particular value of x and i or A cannot, of course, depend upon whether it is 
calculated from the energy or coenergy. A graphical illustration will demonstrate that 
both methods must give the same result. 

Assume that the relay armature of Fig. 3.4 is at position x so that the device is 
operating at point a in Fig. 3.11a. The partial derivative of Eq. 3.26 can be interpreted 
as the limit of -A Wgqa/ Ax with A constant as Ax — 0. If we allow a change Ax, the 
change —A Wag is shown by the shaded area in Fig. 3.11a. Hence, the force faa = 
(shaded area)/Ax as Ax — 0. On the other hand, the partial derivative of Eq. 3.40 can 
be interpreted as the limit of AW,,/Ax with i constant as Ax — 0. This perturbation 
of the device is shown in Fig. 3.11b; the force fag = (shaded area)/Ax as Ax —> 0. 
The shaded areas differ only by the small triangle abc of sides Ai and AA, so that 
in the limit the shaded areas resulting from Ax at constant 4 or at constant 7 are 


4 — trelationship 


Energy 
Waa 


Coenergy 


W'na 


0 i 
Figure 3.10 Graphical interpretation 
of energy and coenergy ina 
singly-excited system. 
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(a) (b) 


Figure 3.11 Effect of Ax on the energy and coenergy of a singly-excited 
device: (a) change of energy with A held constant; (b) change of coenergy with / 
held constant. 


equal. Thus the force produced by the magnetic field is independent of whether the 
determination is made with energy or coenergy. 

Equations 3.26 and 3.40 express the mechanical force of electrical origin in terms 
of partial derivatives of the energy and coenergy functions Wag(A, x) and Wz, (i, x). It 
is important to note two things about them: the variables in terms of which they must 
be expressed and their algebraic signs. Physically, of course, the force depends on 
the dimension x and the magnetic field. The field (and hence the energy or coenergy) 
can be specified in terms of flux linkage i, or current i, or related variables. We again 
emphasize that the selection of the energy or coenergy function as a basis for analysis 
is a matter of convenience. 

The algebraic signs in Eqs. 3.26 and 3.40 show that the force acts in a direction to 
decrease the magnetic field stored energy at constant flux or to increase the coenergy 
at constant current. In a singly-excited device, the force acts to increase the inductance 
by pulling on members so as to reduce the reluctance of the magnetic path linking 
the winding. 


The magnetic circuit shown in Fig. 3.12 is made of high-permeability electrical steel. The rotor 
is free to turn about a vertical axis. The dimensions are shown in the figure. 


a. Derive an expression for the torque acting on the rotor in terms of the dimensions and the 
magnetic field in the two air gaps. Assume the reluctance of the steel to be negligible 
(i.e., 4 —> oo) and neglect the effects of fringing. 

b. The maximum flux density in the overlapping portions of the air gaps is to be limited to 
approximately 1.65 T to avoid excessive saturation of the steel. Compute the maximum 
torque forr; = 2.5cm, kh = 1.8 cm, and g = 3 mm. 
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Axial length (perpendicular 


to page) =h 


Rotor... ~~ fa) 
~~ Z 


See: 
tl | 


Figure 3.12 Magnetic system of 
Example 3.6. 


@ Solution 


a. There are two air gaps in series, each of length g, and hence the air-gap field intensity H,, 
is equal to 


Because the permeability of the steel is assumed infinite and By... must remain 
finite, Hgeet = Bete: /f is zero and the coenergy density (Eq. 3.49) in the steel is zero 
(wH3..,/2 = B2,.,/24 = 0). Hence the system coenergy is equal to that of the air gaps, in 
which the coenergy density in the air gap is MoH2, /2. The volume of the two overlapping 
air gaps is 2gh(r,; + 0.5g)@. Consequently, the coenergy is equal to the product of the 
air-gap coenergy density and the air-gap volume 


4g 


Molly, 
W., = ( 5 :) (2gh(r; + 0.5g)9) = 


and thus, from Eq. 3.40 


_ OW.) | _ wo(Ni)?A(r; + 0.5) 
nn | on a 4g 


The sign of the torque is positive, hence acting in the direction to increase the 
overlap angle @ and thus to align the rotor with the stator pole faces. 
b. For Ba = 1.65 T, 


By ——«1.65 
Mo 4 x 10-7 


Hy = = 1.31 x 10° A/m 


and thus 


Ni = 2g Hg = 2(3 x 10-7)1.31 x 10° = 7860 A-turns 
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Taq can now be calculated as 


7, = 2X 10-7(7860)2(1.8 x 1072)(2.5 x 10°? + 0.5(3 x 10°)) 
eae 4(3 x 1073) 


= 3.09N-m 


| Practice Problem 3.6 | Problem 3.6 


(a) Write an expression for the inductance of the magnetic circuit of Fig. 3.12 as a function 
of 6. (b) Using this expression, derive an expression for the torque acting on the rotor as a 
function of the winding current i and the rotor angle @. 


Solution 
a. 
Lo N7h(r; + 0.52)0 


L@)= 2g 


_ 2 dL@) _ 2? ( woN?h(r, +0.5g) 
2 de 2g 


3.6 MULTIPLY-EXCITED MAGNETIC 
FIELD SYSTEMS 


Many electromechanical devices have multiple electrical terminals. In measurement 
systems it is often desirable to obtain torques proportional to two electric signals; a 
meter which determines power as the product of voltage and current is one example. 
Similarly, most electromechanical-energy-conversion devices consist of multiply- 
excited magnetic field systems. 

Analysis of these systems follows directly from the techniques discussed in 
previous sections. This section illustrates these techniques based on a system with two 
electric terminals. A schematic representation of a simple system with two electrical 
terminals and one mechanical terminal is shown in Fig. 3.13. In this case it represents 
a system with rotary motion, and the mechanical terminal variables are torque Tag and 
angular displacement @. Since there are three terminals, the system must be described 
in terms of three independent variables; these can be the mechanical angle 6 along 
with the flux linkages A; and A2, currents i, and iz, or a hybrid set including one 
current and one flux.” 

When the fluxes are used, the differential energy function d Waq(A1, A2, 8) cor- 
responding to Eq. 3.29 is 


dWaa(A1, 40,0) = i; day tin daz — Taq dO (3.52) 


2 See, for example, H. H. Woodson and J. R. Melcher, Electromechanical Dynamics, Wiley, New York, 
1968, Pt. I, Chap. 3. 
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Figure 3.13 Multiply-excited magnetic energy 
storage system. 


and in direct analogy to the previous development for a singly-excited system 


5 OWaa(A1, A2, 8) (3.53) 

OA, do.8 : 
in on OWaalAy, Aas 0) (3.54) 

0A2 a8 
and 
WaalAy, Ao, 6 
Tra = — OWaaA1, 22,9) (3.55) 
00 ks 


Note that in each of these equations, the partial derivative with respect to each inde- 
pendent variable must be taken holding the other two independent variables constant. 

The energy Wag can be found by integrating Eq. 3.52. As in the singly-excited 
case, this is most conveniently done by holding 4; and Az fixed at zero and integrating 
first over 0; under these conditions, Tgg is zero, and thus this integral is zero. One can 
then integrate over i» (while holding 4; zero) and finally over A,. Thus 


A2 
Waa(Aiy, A295 90) = [ In(A, = 0, A2,0 = 0) daz 
0 


Aig 
+f i1(A1, A2 = Aa, O = 69) day (3.56) 
0 


This path of integration is illustrated in Fig. 3.14 and is directly analogous to 
that of Fig. 3.5. One could, of course, interchange the order of integration for A2 
and A . It is extremely important to recognize, however, that the state variables are 
integrated over a specific path over which only one state variable is varied at a time; 
for example, A; is maintained at zero while integrating over 42 in Eq. 3.56. This is 
explicitly indicated in Eq. 3.56 and can also be seen from Fig. 3.14. Failure to observe 
this requirement is one of the most common errors made in analyzing these systems. 

Ina magnetically-linear system, the relationships between A andi can be specified 
in terms of inductances as is discussed in Section 1.2 


Ay = Lyyty + Lyi (3.57) 
Ag = Lat) + Laie (3.58) 
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6 


Figure 3.14 Integration path to 
obtain Wiig(A1g: 429: 90)- 


where 


Li=Ly (3.59) 


Here the inductances are, in general, functions of angular position 6. 
These equations can be inverted to obtain expressions for the i’s as a function of 


the 6’s 
Look, — Lida 
i, — Lak 12A2 (3.60) 
D 
: —LoA, t bya 
ip = 2! s 11A2 3.61) 
where 
D = LyL22 — Ly2L2) (3.62) 


The energy for this linear system can be found from Eq. 3.56 


*20 L11(0)A2 
W, x : x ; 0, = iE Ew Em di 
fid (Aig, A29 90) [ D(0) 5 
: [saga 
: Dio) 


= a 2D) “!"' B0)A5, + ————~ L29(80) a4, 


L12(6) 
D(6) 


spa ) 


ra (3.63) 


where the dependence of the inductances and the determinant D(@) on the angular 
displacement 6 has been explicitly indicated. 

In Section 3.5, the coenergy function was defined to permit determination of 
force and torque directly in terms of the current for a single-winding system. A 
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similar coenergy function can be defined in the case of systems with two windings as 
Waalit, 42,0) = Ari + Agia — Waa (3.64) 


It is a state function of the two terminal currents and the mechanical displacement. 
Its differential, following substitution of Eq. 3.52, is given by 


d Waa lit, i2, 9) = A, di; +Az diz + Tag dO (3.65) 


From Eq. 3.65 we see that 
oe 0 Wag (i, ir, 8) 


dy (3.66) 
diy a) 

jas Maal?) (3.67) 
diz i1,0 


Most significantly, the torque can now be determined directly in terms of the 
currents as 


dWaglir, i2, 9) 
Tra = —“— 6 
fd 30 I (3.68) 
T1412 
Analogous to Eq. 3.56, the coenergy can be found as 
i29 
Whale itn, 0) =f dalby = 0, fn, =O) di 
0 
itg 
m i: Au(it, in = ing, @ = 6) dit (3.69) 
0 
For the linear system of Eqs. 3.57 to 3.59 
i 1 : 1 ; i 
Waali1, i2,9) = shu it + 5 b22(8)i2 + Ly2(8)iri2 (3.70) 


For such a linear system, the torque can be found either from the energy of 
Eq. 3.63 using Eq. 3.55 or from the coenergy of Eq. 3.70 using Eq. 3.68. It is at 
this point that the utility of the coenergy function becomes apparent. The energy 
expression of Eq. 3.63 is a complex function of displacement, and its derivative is 
even more so. Alternatively, the coenergy function is a relatively simple function of 
displacement, and from its derivative a straightforward expression for torque can be 
determined as a function of the winding currents i; and iz as 


— 0 Wag (it ’ io, 9) 
7 a0 es 

21,12 
_ ifdku@) | iZdLy@) | . F dL 12(9) 
~ 2 dO 2 dO ar) 
Systems with more than two electrical terminals are handled in analogous fashion. 


As with the two-terminal-pair system above, the use of a coenergy function of the 
terminal currents greatly simplifies the determination of torque or force. 


Tad 


(3.71) 
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EXAMPLE 3.7 [a 


In the system shown in Fig. 3.15, the inductances in henrys are given as L,, = (3 + cos 2@) x 
1073; Ly. =0.3 cos @; Ly, = 30 + 10cos 26. Find and plot the torque Tyq(@) for current i, = 
0.8 A and i; = 0.01 A. 


@ Solution 
The torque can be determined from Eq. 3.71. 


i? dL, (0) iz dLy(0) 7 dhn®) 
2 dé 2 dé ede 


i2 2 


= 4(-2 x 107) sin26 + 3 (—20 sin 28) — i,é,(0.3) sin@ 


Tha = 


For i; = 0.8 A and i, = 0.01 A, the torque is 
Tha = —1.64 x 1073 sin26 — 2.4 x 107 sin 


Notice that the torque expression consists of terms of two types. One term, proportional 
to i,i, sin9, is due to the mutual interaction between the rotor and stator currents; it acts in a 
direction to align the rotor and stator so as to maximize their mutual inductance. Alternately, 
it can be thought of as being due to the tendency of two magnetic fields (in this case those of 
the rotor and stator) to align. 

The torque expression also has two terms each proportional to sin 26 and to the square of 
one of the coil currents. These terms are due to the action of the individual winding currents 
alone and correspond to the torques one sees in singly-excited systems. Here the torque is 
due to the fact that the self inductances are a function of rotor position and the corresponding 
torque acts in a direction to maximize each inductance so as to maximize the coenergy. The 
2@ variation is due to the corresponding variation in the self inductances (exactly as was seen 
previously in Example 3.4), which in turn is due to the variation of the air-gap reluctance; 
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Figure 3.15 Multiply-excited magnetic system for Example 3.7. 
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Figure 3.16 Plot of torque components for the multiply-excited system of Example 3.7. 


notice that rotating the rotor by 180° from any given position gives the same air-gap reluctance 
(hence the twice-angle variation). This torque component is known as the reluctance torque. 


The two torque components (mutual and reluctance), along with the total torque, are plotted 
with MATLAB in Fig. 3.16. 


Practice Problem 3.7 


Find an expression for the torque of a symmetrical two-winding system whose inductances 
vary as 


Ly, = Ly = 0.8 + 0.27 cos 40 
Ly = 0.65 cos 26 
for the condition that 7; = —i, = 0.37 A. 


Solution 


Tog = —0.296 sin (40) + 0.178 sin (2) 


The derivation presented above for angular displacement can be repeated in 
an analogous fashion for the systems with linear displacement. If this is done, the 
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expressions for energy and coenergy will be found to be 


129 
Wad (Ain, A2), Xo) = | ig(Ay = 0, Az, x = x0) dd2 
0 


Al 
+ [ HOSS ad ~=— 72) 
0 


ing 
Waa (los §29s X0) =| A2(iy = 0, i2, x = X0) diz 
0 


iy 
i i ” An(its da = tgs x = 40) dis (3.73) 
0 


Similarly the force can be found from 


0 Wag(A1, Ar, 
[ees fd(Ay, Az, x) (3.74) 
Ox dade 
or 
OWaa(i1, i2, X) 
i (3.75) 
x ij,in 


For a magnetically-linear system, the coenergy expression of Eq. 3.70 becomes 
, . . 1 . 1 . eos 
Waalti, 12,x) = 5 bu@it + 5 b22(x)ig + Ly2(x)iri2 (3.76) 


and the force is thus given by 


o ij dLi1(x) oe iz dLy9(x) + 77, ZER 


2 dx 2 dx dx 


fra (3.77) 


3.7 FORCES AND TORQUES IN SYSTEMS 
WITH PERMANENT MAGNETS 


The derivations of the force and torque expressions of Sections 3.4 through 3.6 focus 
on systems in which the magnetic fields are produced by the electrical excitation of 
specific windings in the system. However, in Section 3.5, it is seen that special care 
must be taken when considering systems which contain permanent magnets (also 
referred to as hard magnetic materials). Specifically, the discussion associated with 
the derivation of the coenergy expression of Eq. 3.50 points out that in such systems 
the magnetic flux density is zero when H = H,, not when H = 0. 

For this reason, the derivation of the expressions for force and torque in Sec- 
tions 3.4 through 3.6 must be modified for systems which contain permanent mag- 
nets. Consider for example that the derivation of Eq. 3.18 depends on the fact that in 
Eq. 3.17 the force can be assumed zero when integrating over path 2a because there 
is no electrical excitation in the system. A similar argument applies in the derivation 
of the coenergy expressions of Eqs. 3.41 and 3.69. 


3.7 Forces and Torques in Systems with Permanent Magnets 


In systems with permanent magnets, these derivations must be carefully revisited. 
In some cases, such systems have no windings at all, their magnetic fields are due 
solely to the presence of permanent-magnet material, and it is not possible to base a 
derivation purely upon winding fluxes and currents. In other cases, magnetic fields 
may be produced by a combination of permanent magnets and windings. 

A modification of the techniques presented in the previous sections can be used 
in systems which contain permanent magnets. Although the derivation presented 
here applies specifically to systems in which the magnet appears as an element of a 
magnetic circuit with a uniform internal field, it can be generalized to more complex 
situations; in the most general case, the field theory expressions for energy (Eq. 3.20) 
and coenergy (Eq. 3.50) can be used. 

The essence of this technique is to consider the system as having an additional 
fictitious winding acting upon the same portion of the magnetic circuit as does the 
permanent magnet. Under normal operating conditions, the fictitious winding carries 
zero current. Its function is simply that of a mathematical “crutch” which can be used 
to accomplish the required analysis. The current in this winding can be adjusted to 
zero-out the magnetic fields produced by the permanent magnet in order to achieve 
the “zero-force” starting point for the analyses such as that leading from Eq. 3.17 to 
Eq. 3.18. 

For the purpose of calculating the energy and coenergy of the system, this winding 
is treated as any other winding, with its own set of current and flux linkages. As a result, 
energy and coenergy expressions can be obtained as a function of all the winding flux 
linkages or currents, including those of the fictitious winding. Since under normal 
operating conditions the current in this winding will be set equal to zero, it is useful 
to derive the expression for the force from the system coenergy since the winding 
currents are explicitly expressed in this representation. 

Figure 3.17a shows a magnetic circuit with a permanent magnet and a movable 
plunger. To find the force on the plunger as a function of the plunger position, we 
assume that there is a fictitious winding of N¢ turns carrying a current ig wound so as 
to produce flux through the permanent magnet, as shown in Fig. 3.17b. 


] iF = 
|) ee an e.* | | i> CO 
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N- turns 


Figure 3.17 (a) Magnetic circuit with permanent magnet and movable 
plunger; (b) fictitious winding added. 
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For this single-winding system we can write the expression for the differential 
in coenergy from Eq. 3.37 as 


dWaglit, x) = Ag dis + fna dx (3.78) 


where the subscript ‘f’ indicates the fictitious winding. Corresponding to Eq. 3.40, 
the force in this system can be written as 


0 Waa (ir = 0, x) 


ag (3.79) 


faa = 
tf 
where the partial derivative is taken while holding is constant, and the resultant expres- 
sion is then evaluated at ip =0, which is equivalent to setting ip =0 in the expression 
for W,, before taking the derivative. As we have seen, holding i¢ constant for the 
derivative in Eq. 3.79 is a requirement of the energy method; it must be set to zero 
to properly calculate the force due to the magnet alone so as not to include a force 
component from current in the fictitious winding. 

To calculate the coenergy W,, (if, x) in this system, it is necessary to integrate 
Eq. 3.78. Since Wa, is a state function of ig and x, we are free to choose any integration 
path we wish. Figure 3.18 illustrates a path over which this integration is particularly 
simple. For this path we can write the expression for coenergy in this system as 


Waalit = 0, x) = fame a 
path la path Ib 


x 0 
=) faaCit = In, x’) dx’ +/ Asli, x) dig (3.80) 

0 Tro 
which corresponds directly to the analogous expression for energy found in Eq. 3.17. 
Note that the integration is initially over x with the current is held fixed at ig = Ip. 
This is a very specific current, equal to that fictitious-winding current which reduces 
the magnetic flux in the system to zero. In other words, the current J is that current 
in the fictitious winding which totally counteracts the magnetic field produced by the 
permanent magnet. Thus, the force faq is zero at point A in Fig. 3.18 and remains so 
for the integral over x of path 1a. Hence the integral over path 1a in Eq. 3.80 is zero, 


Path la 


Path 1b 
W'aalis = 0, x) 
0 x x' 


Figure 3.18 Integration path for calculating 
Wia(is = 0, x) in the permanent magnet 
system of Fig. 3.17. 
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and Eq. 3.80 reduces to 


0 
Waalis = 0, x) = | Ar(iz, x) di; (3.81) 
Ito 

Note that Eq. 3.81 is perfectly general and does not require either the permanent 
magnet or the magnetic material in the magnetic circuit to be linear. Once Eq. 3.81 
has been evaluated, the force at a given plunger position x can be readily found from 
Eq. 3.79. Note also that due to the presence of the permanent magnet, neither the 
coenergy nor the force is zero when is is zero, as we would expect. 


| EXAMPLE 3.8 | 3.8 


The magnetic circuit of Fig. 3.19 is excited by a samarium-cobalt permanent magnet and 
includes a movable plunger. Also shown is the fictitious winding of N; turns carrying a current 
ig which is included here for the sake of the analysis. The dimensions are: 


Wr=2.00cm W,=3.0cm Wy =2.0cm 
d€=2.0cm g=0.2cm D=3.0cm 
Find (a) an expression for the coenergy of the system as a function of plunger position x 


and (5) an expression for the force on the plunger as a function of x. Finally, (c) calculate the 
force at x = 0 and x = 0.5 cm. Neglect any effects of fringing fluxes in this calculation. 


@ Solution 
a. Because it is quite linear over most of its useful operating range, the dc magnetization 
curve for samarium-cobalt can be represented as a straight line of the form of Eq. 1.61 
By = Ur( An = H)) = HRA + B, 


where the subscript ‘m’ is used here to refer specifically to the fields within the 
samarium-cobalt magnet and 


UR = 1.059 
H! = —712 kA/m 
B, = 0.94 T 
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Figure 3.19 Magnetic circuit for 
Example 3.8. 
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Note from Fig. 1.19 that the DC magnetization curve for samarium-cobalt is not 
completely linear; it bends slightly downward for low flux densities. Hence, in the 
linearized B-H characteristic given above, the apparent coercivity H! is somewhat larger 
than the actual coercivity of samarium-cobalt. 

From Eq. 1.5 we can write 


Nels => H,,d + H,Xx + Aygo 


where the subscript ‘g’ refers to the variable gap and the subscript ‘0’ refers to the fixed 
gap. Similarly from the continuity of flux condition, Eq. 1.3, we can write 


By,WD = B,W,D = ByWoD 


Recognizing that in the air gaps B, = oH, and By = fy Ho, we can solve the above 
equations for B,,: 


B. = Lr(Nrip — Hd) 
"d+ Wal SE) Cag + 48) 


Wg Wo 
Finally we can solve for the flux linkages A, of the fictitious winding as 


ae ee NW Dat Nii a Hi 
aa Wa) (Fe 2) 


Thus we see that the flux linkages A; will be zero when i; = Im = Hid/N; = 
—B,d/(jtgp Np) and from Eq. 3.81 we can find the coenergy as 


tse [ N;Wn Dua (Neir — Hid) | 
fid ies Very ear eR Oe ROR f 
tain, [4 + Won TE) (Ge + He) 


7 W,, D(B.dy 
2ue [d+ Wa (48) ( +£)] 


Note that the answer does not depend upon A; or ig which is as we would expect 
since the fictitious winding does not actually exist in this system. 
b. Once the coenergy has been found, the force can be found from Eq. 3.79 as 


W?2 D(B.d)? 
2HoWs[d + Wm(38) (a; +) 


HO 


fia = — 


Notice that the force is negative, indicating that the force is acting in the direction to 
decrease x, that is to pull the plunger in the direction which decreases the gap. 
c. Finally, substitution into the force expression yields 


fe -IISN atx=Ocm 
fe} -85.8N atx =0.5cm 
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Practice Problem 3.8 


(a) Derive an expression for the coenergy in the magnetic circuit of Fig. 3.20 as a function of 
the plunger position x. (b) Derive an expression for the x-directed force on the plunger and 
evaluate it at x = W,/2. Neglect any effects of fringing fluxes. The dimensions are: 


Wn =2.0cm W,=2.5cm D=3.0cm 
d=10cm g)=0.2cm 


Hw OW, | Depth D 


6 6. d 
—_— 
samarium-cobalt | 84 
magnet | — 


Figure 3.20 Magnetic circuit for Practice 


Problem 3.8. 
Solution 
a. 
ices WmnD(B,d) 
"ite [d + (88) (42m I 
b. 


= gW2 DB? 
ma, — (1+ (8) (SEB) 


Atx = W,/2, fag = —107N. 


Sia = 


Consider the schematic magnetic circuit of Fig. 3.21a. It consists of a section of 
linear, hard magnetic material (Bm = ’r(Hm — H;)) of area A and length d. It is 
connected in series with an external magnetic circuit of mmf F,. 

From Eq. 1.21, since there are no ampere-turns acting on this magnetic circuit, 


Hnd+F, =90 (3.82) 
The flux produced in the external magnetic circuit by the permanent magnet is given by 
® = ABm = LLRA(Hm — H!) (3.83) 


Substitution for H,, from Eq. 3.82 in Eq. 3.83 gives 


® = RA (-#: = =) (3.84) 
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tS 
5 External 
d /e | magnetic 
nu Y , circuit 


Linear, hard 
magnetic material material B = jtpH 
B, Mel(A,, + AD 


External 


magnetic 


circuit 


—— 


Linear magnetic 


(a) (b) 


Figure 3.21 (a) Generic magnetic circuit containing a section of linear, 
permanent-magnet material. (b) Generic magnetic circuit in which the 
permanent-magnet material has been replaced by a section of linear 
magnetic material and a fictitious winding. 


Now consider the schematic magnetic circuit of Fig. 3.21b in which the lin- 
ear, hard magnetic material of Fig. 3.2]a has been replaced by soft, linear mag- 
netic material of the same permeability (B = up) and of the same dimensions, 
length d and area A. In addition, a winding carrying (Ni)equiy ampere-turns has been 
included. 

For this magnetic circuit, the flux can be shown to be given by 


(Ni equiv a =) 


d 7 (3.85) 


d= BRA ( 
Comparing Eqs. 3.84 and 3.85, we see that the same flux is produced in the external 
magnetic circuit if the ampere-turns, (Ni)eguiy, in the winding of Fig. 3.21b is equal 
to —Hid. 

This is a useful result for analyzing magnetic-circuit structures which contain 
linear, permanent-magnet materials whose B-H characteristic can be represented in 
the form of Eq. 1.61. In such cases, replacing the permanent-magnet section with a 
section of linear-magnetic material of the same permeability zp and geometry and 
an equivalent winding of ampere-turns 


(Ni)equiv = —H-d (3.86) 


results in the same flux in the external magnetic circuit. As a result, both the lin- 
ear permanent magnet and the combination of the linear magnetic material and the 
winding are indistinguishable with regard to the production of magnetic fields in the 
external magnetic circuit, and hence they produce identical forces. Thus, the analysis 
of such systems may be simplified by this subsitution, as is shown in Example 3.9. 
This technique is especially useful in the analysis of magnetic circuits containing both 
a permanet magnetic and one or more windings. 


Figure 3.22a shows an actuator consisting of an infinitely-permeable yoke and plunger, excited 
by a section of neodymium-iron-boron magnet and an excitation winding of VN; = 1500 turns. 


3.7 Forces and Torques in Systems with Permanent Magnets 


Depth D Pe 


neodymium-iron-boron ‘5 “f 


magnet 


4 g 

Fa + 0 
N, turns Z 
Ys Nii 

een Ml — Plunger = Rn 


Wasa 
W le 9 
Yoke | | ee 


+h eX 


(a) (b) 


Figure 3.22 (a) Actuator for Example 3.9. (b) Equivalent circuit for the actuator 
with the permanent magnet replaced by linear material and an equivalent 
winding carrying (N/)equiv ampere-turns. 


The dimensions are: 


W=40cm W,=45cm D=3.5cm 


d=8mm g.=1mm 


Find (a) the x-directed force on the plunger when the current in the excitation winding is 
zero and x = 3 mm. (b) Calculate the current in the excitation winding required to reduce the 
plunger force to zero. 


@ Solution 
a. As discussed in Section 1.6, the dc-magnetization characteristic of neodymium-iron- 
boron can be represented by a linear relationship of the form 


B= up(H — H!) = B, + ur 


where a = 1.0649, H; = —940 kA/m and B, = 1.25 T. As discussed in this section, we 
can replace the magnet by a section of linear material of permeability zp and an 
equivalent winding of ampere-turns 


(Ni) equiv = —Hid = —(—9.4 x 10°)(8 x 107) = 7520 ampere-turns 


Based upon this substitution, the equivalent circuit for the system becomes that of 
Fig. 3.22b. There are two sources of mmf in series with three reluctances: the variable 
gap R,, the fixed gap Ro, and the magnet Ry. 


x 
Rg, = —- 
oW,D 
_ _ $0 
ea MoWD 
d 
Ra = 


URWD 
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With i, = 0, the actuator is equivalent to a single-winding system whose coenergy is 
given by 
Lp! ND Eas 
201 2\R ARO + Rm 


The force on the plunger can then be found from 


, 
Wag = 


Fas fes aw, Wi ae dRx 
eo (Rx + Ro + Rm)? dx 
‘equiv 
(ND Siw 
WoW D(Rx + Ro + Ren)? 
Substituting the given values gives fg = —703 N, where the minus sign indicates 


that the force acts in the direction to reduce x (i.e., to close the gap). 

b. The flux in the actuator is proportional to the total effective ampere-turns (Ni) equiv + Nii 
acting on the magnetic circuit. Thus, the force will be zero when the net ampere-turns is 
equal to zero or when 

i, = (Ni equiv = 7520 =SOLA 

N, 1500 

Note however that the sign of the current (i.e., in which direction it should be applied to 

the excitation winding) cannot be determined from the information given here since we do 

not know the direction of magnetization of the magnet. Since the force depends upon the 


square of the magnetic flux density, the magnet can be oriented to produce flux either 
upward or downward in the left-hand leg of the magnetic circuit, and the force calculated 
in part (a) will be the same. To reduce the force to zero, the excitation winding current of 
5.01 amperes must be applied in such a direction as to reduce the flux to zero; if the 
opposite current is applied, the flux density will increase, as will the force. 


| Practice Problem 3.9 | Problem 3.9 


Practice Problem 3.8 is to be reworked replacing the samarium-cobalt magnet by a section of 
linear material and an equivalent winding. Write (a) expressions for R», the reluctance of the 
section of linear material; R,, the reluctance of the air gap; and (NZ) .quiy, the ampere-turns of 
the equivalent winding; and (5) an expression for the inductance of the equivalent winding and 


the coenergy. 


Wr=2.0cm W,=2.55cm D=3.0cm 
d=10cm g=0.2cm 


Solution 
a. 
d 
Rn = 
LR W,,D 
2 
a 
Ho(W, a, x)D 


(B,d) 


(NI equiv = —Hjd = LL 
R 


3.8 Dynamic Equations 


b. 
2 . 
ee equiv 
(Rm + Rg) 
wi, = Eis (Bed Wn D( Bed)” 
2 Ren + Re) 2uumld + (15) Capa) | 


Clearly the methods described in this chapter can be extended to handle situations 
in which there are permanent magnets and multiple current-carrying windings. In 
many devices of practical interest, the geometry is sufficiently complex, independent 
of the number of windings and/or permanent magnets, that magnetic-circuit analysis is 
not necessarily applicable, and analytical solutions can be expected to be inaccurate, if 
they can be found at all. In these cases, numerical techniques, such as the finite-element 
method discussed previously, can be employed. Using this method, the coenergy of 
Eq. 3.48, or Eq. 3.50 if permanet magnets are involved, can be evaluated numerically 
at constant winding currents and for varying values of displacement. 


3.8 DYNAMIC EQUATIONS 


We have derived expressions for the forces and torques produced in electromechanical- 
energy-conversion devices as functions of electrical terminal variables and mechani- 
cal displacement. These expressions were derived for conservative energy-conversion 
systems for which it can be assumed that losses can be assigned to external electrical 
and mechanical elements connected to the terminals of the energy-conversion system. 
Such energy-conversion devices are intended to operate as a coupling means between 
electric and mechanical systems. Hence, we are ultimately interested in the operation 
of the complete electromechanical system and not just of the electromechanical- 
energy-conversion system around which it is built. 

The model of a simple electromechancal system shown in Fig. 3.23 shows the ba- 
sic system components, the details of which may vary from system to system. The sys- 
tem shown consists of three parts: an external electric system, the electromechanical- 
energy-conversion system, and an external mechanical system. The electric system 


Figure 3.23 Model of a singly-excited electromechanical system. 
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is represented by a voltage source vp and resistance R; the source could alternatively 
be represented by a current source and a parallel conductance G. 

Note that all the electrical losses in the system, including those which are inherent 
to the electromechanical-energy-conversion system are assigned to the resistance R 
in this model. For example, if the voltage source has an equivalent resistance R, and 
the winding resistance of the electromechanical-energy-conversion system is R,,, the 
resistance R would equal the sum of these two resistances; R = R, + Ry. 

The electric equation for this model is 


dr 
vo = iR+ — (3.87) 
dt 
If the flux linkage A can be expressed as’ = L(x)i, the external equation becomes 
di dL (x) dx 


ig = ERTL) ti (3.88) 


dx dt 

The second term on the right, L (di/dt), is the self-inductance voltage term. The 
third term i(dL/dx)(dx/dt) includes the multiplier dx /dt. This is the speed of the 
mechanical terminal, and the third term is often called simply the speed voltage. 
The speed-voltage term is common to all electromechanical-energy-conversion sys- 
tems and is responsible for energy transfer to and from the mechanical system by the 
electrical system. 

For a multiply-excited system, electric equations corresponding to Eq. 3.87 are 
written for each input pair. If the expressions for the A’s are to be expanded in terms of 
inductances, as in Eq. 3.88, both self- and mutual-inductance terms will be required. 

The mechanical system of Fig. 3.23 includes the representation for a spring 
(spring constant K), a damper (damping constant B), a mass M, and an external me- 
chanical excitation force fo. Here, as for the electrical system, the damper represents 
the losses both of the external mechanical system as well as any mechanical losses 
of the electromechanical-energy-conversion system. 

The x-directed forces and displacement x are related as follows: 


Spring: 
fx = —K(x — x0) (3.89) 
Damper: 
dx 
= —B— 
fo 7 (3.90) 
Mass: 
d*x 
= —-M—~ 91 
fu in (3.91) 


where Xo is the value of x with the spring normally unstretched. Force equilibrium 
thus requires that 
dx 


a 
fra+ fic + fo + fu ~ fo= fas — K(& — x0) — B= — M — fo=0 (3.92) 


3.8 Dynamic Equations 


Combining Eqs. 3.88 and 3.92, the differential equations for the overall system 
of Fig. 3.23 for arbitrary inputs v(t) and fo(t) are thus 


- di. dL(x) 
uvo(t) =iR+ BS +i a (3.93) 

@ d 
fo(t) = -M > = Bb KG faa) (3.94) 


The functions L(x) and faa(x, i) depend on the properties of the electromechanical- 
energy-conversion system and are calculated as previously discussed. 


Figure 3.24 shows in cross section a cylindrical solenoid magnet in which the cylindrical 
plunger of mass M moves vertically in brass guide rings of thickness g and mean diameter d. 


WR ee He Ha a BETO 


“7 


Guide ring — 


i. 


~ Cylindrical 
steel shell 


Cylindrical 
steel plunger 


Applied force, I, 


Figure 3.24 Solenoid magnet for Example 3.10. 
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The permeability of brass is the same as that of free space and is 49 = 4 x 107’ H/m in SI 
units. The plunger is supported by a spring whose spring constant is K. Its unstretched length is 
Ip. A mechanical load force f, is applied to the plunger from the mechanical system connected 
to it, as shown in Fig. 3.24. Assume that frictional force is linearly proportional to the velocity 
and that the coefficient of friction is B. The coil has N turns and resistance R. Its terminal 
voltage is v, and its current is i. The effects of magnetic leakage and reluctance of the steel are 
negligible. 

Derive the dynamic equations of motion of the electromechanical system, i.e., the differ- 
ential equations expressing the dependent variables i and x in terms of v,, ff, and the given 
constants and dimensions. 


Hf Solution 

We begin by expressing the inductance as functions of x. The coupling terms, i.e., the magnetic 
force fas and induced emf e, can then be expressed in terms of x and i and these relations 
substituted in the equations for the mechanical and electric systems. 

The reluctance of the magnetic circuit is that of the two guide rings in series, with the 
flux directed radially through them, as shown by the dashed flux lines g in Fig. 3.24. Because 
g < d, the flux density in the guide rings is very nearly constant with respect to the radial 
distance. In a region where the flux density is constant, the reluctance is 


Length of flux path in direction of field 


# (area of flux path perpendicular to field) 


The reluctance of the upper gap is 


& 
R, = — 
pon xd 


in which it is assumed that the field is concentrated in the area between the upper end of the 
plunger and the lower end of the upper guide ring. Similarly, the reluctance of the lower gap is 


See 
[iotad 


The total reluctance is 


| oe | 
R=Ri+R:=—*_(-+-)=—4_ (27%) 
fond \x a fiotad x 


Hence, the inductance is 


2 dN? 
Lee) = ae = (a) eR) 
R g a+x 


where 
__ HomadN? 
& 


, 


The magnetic force acting upward on the plunger in the positive x direction is 


OWaglis x) 
Ox 


aE ek 
,  2dx 2 (atx) 


fa = 


3.9 Analytical Techniques 


The induced emf in the coil is 


dy a itt 4 Ge 
e==_— = _ —_—_—— 
i i dds 


or 


zB x ) di ey ai dx 
e= 
a+x/ dt (a+x)? } dt 


Substitution of the magnetic force in the differential equation of motion of the mechanical 
system (Eq. 3.94) gives 


f uaz pt Re=te 1 ai? 
= —M—_— — B— — x- a 
: dp dt OE Mae ey? 


The voltage equation for the electric system is (from Eq. 3.93) 


:R +L! ( x )Sru a dx 
Vv, =i —-+i ——— | — 
: a+x/ dt (a+x)* } dt 


These last two equations are the desired results. They are valid only as long as the upper 
end of the plunger is well within the upper guide ring, say, between the limits 0.1a < x < 0.9a. 
This is the normal working range of the solenoid. 


3.9 ANALYTICAL TECHNIQUES 


We have described relatively simple devices in this chapter. The devices have one or 
two electrical terminals and one mechanical terminal, which is usually constrained to 
incremental motion. More complicated devices capable of continuous energy conver- 
sion are treated in the following chapters. The analytical techniques discussed here 
apply to the simple devices, but the principles are applicable to the more complicated 
devices as well. 

Some of the devices described in this chapter are used to produce gross motion, 
such as in relays and solenoids, where the devices operate under essentially “on” 
and “off” conditions. Analysis of these devices is carried out to determine force as a 
function of displacement and reaction on the electric source. Such calculations have 
already been made in this chapter. If the details of the motion are required, such as the 
displacement as a function of time after the device is energized, nonlinear differential 
equations of the form of Eqs. 3.93 and 3.94 must be solved. 

In contrast to gross-motion devices, other devices such as loudspeakers, pickups, 
and transducers of various kinds are intended to operate with relatively small displace- 
ments and to produce a linear relationship between electrical signals and mechanical 
motion, and vice versa. The relationship between the electrical and mechanical vari- 
ables is made linear either by the design of the device or by restricting the excursion 
of the signals to a linear range. In either case the differential equations are linear and 
can be solved using standard techniques for transient response, frequency response, 
and so forth, as required. 
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3.9.1 Gross Motion 


The differential equations for a singly-excited device as derived in Example 3.10 are 
of the form 


1 ai? d*x dx 
a i Sy poling - pale a 95 
2 (a) eo der =) 
x di ai dx 
=iR+L! a fs pence 3.96 
Rtn (ss) at (<) dt eee) 


A typical problem using these differential equations is to find the excursion x(t) 
when a prescribed voltage v, = Vo is applied at t = 0. An even simpler problem is 
to find the time required for the armature to move from its position x(O) at t = 0 
to a given displacement x = X when a voltage v, = V is applied at t = 0. There 
is no general analytical solution for these differential equations; they are nonlinear, 
involving products and powers of the variables x and i and their derivatives. They 
can be solved using computer-based numerical integration techniques. 

In many cases the gross-motion problem can be simplified and a solution found by 
relatively simple methods. For example, when the winding of the device is connected 
to the voltage source with a relatively large resistance, the iR term dominates on the 
right-hand side of Eq. 3.96 compared with the di /dt self-inductance voltage term and 
the dx /dt speed-voltage term. The current i can then be assumed equal to V/R and 
inserted directly into Eq. 3.95. The same assumption can be made when the winding 
is driven from power electronic circuitry which directly controls the current to the 
winding. With the assumption that i = V/R, two cases can be solved easily. 


Case1 The first case includes those devices in which the dynamic motion is dom- 
inated by damping rather than inertia, e.g., devices purposely having low inertia or 
relays having dashpots or dampers to slow down the motion. For example, under such 
conditions, with f, = 0, the differential equation of Eq. 3.95 reduces to 


dx 


1, a ae 


where f (x) is the difference between the force of electrical origin and the spring force 
in the device of Fig. 3.24. The velocity at any value of x is merely dx/dt = f(x)/B; 
the time t to reach x = X is given by 


x B 
= d 3.98 
: i fx)” eee) 


The integration of Eq. 3.98 can be carried out analytically or numerically. 


Case 2 In this case, the dynamic motion is governed by the inertia rather than the 
damping. Again with f, = 0, the differential equation of Eq. 3.95 reduces to 
d2 


x 1, a v\? 


3.9 Analytical Techniques 


Equation 3.99 can be written in the form 


Md (dax\? 
ore ($) = f(x) (3.100) 


and the velocity v(x) at any value x is then given by 


dx 2 f* 
v= Fale f f(x’) dx (3.101) 


The integration of Eq. 3.101 can be carried out analytically or numerically to find 
v(x) and to find the time ¢ to reach any value of x. 


3.9.2 Linearization 


Devices characterized by nonlinear differential equations such as Eqs. 3.95 and 3.96 
will yield nonlinear responses to input signals when used as transducers. To obtain 
linear behavior, such devices must be restricted to small excursions of displacement 
and electrical signals about their equilibrium values. The equilibrium displacement 
is determined either by a bias mmf produced by a de winding current, or a permanent 
magnet acting against a spring, or by a pair of windings producing mmf’s whose forces 
cancel at the equilibrium point. The equilibrium point must be stable; the transducer 
following a small disturbance should return to the equilibrium position. 

With the current and applied force set equal to their equilibrium values, Jo and 
fig Tespectively, the equilibrium displacement Xo and voltage Vo can be determined 
for the system described by Eqs. 3.95 and 3.96 by setting the time derivatives equal 
to zero. Thus 


2 
lh (<< .) = K(Xo—lo) + fo (3.102) 
0 


Vo = [oR (3.103) 


The incremental operation can be described by expressing each variable as 
the sum of its equilibrium and incremental values; thus i= Jo + i’, f=fg +f’, 
v_= Vo + v’, and x = Xo + x’. The equations are then linearized by canceling any 
products of increments as being of second order. Equations 3.95 and 3.96 thus 
become 

1 Liao +i’? Go. dx 

5G Tae =M +B 4 K(Kot2'-b) + fot f 3.104) 


and 


L'(Xo +x’) di’ Lalo +i’) dx’ 


Vote’ =U +i’)R + ————_ ————__—_ — 
OE OTR aa de aa 


(3.105) 


The equilibrium terms cancel, and retaining only first-order incremental terms 
yields a set of linear differential equations in terms of just the incremental variables 
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of first order as 


L'ialy d?x' dx’ 
OE Gs pe ae 
(a+ Xo)? Ae 


L'akp 
(a+ Xo) 
L'X9_ di’ L'alyp dx’ 

a+Xpo dt (a+ Xo)? dt 


| x' +f’ (3.106) 


vi =i’R+ (3.107) 

Standard techniques can be used to solve for the time response of this set of 
linear differential equations. Alternatively, sinusoidal-steady-state operation can be 
assumed, and Eqs. 3.106 and 3.107 can be converted to a set of linear, complex 
algebraic equations and solved in the frequency domain. 


3.10 SUMMARY 


In electromechanical systems, energy is stored in magnetic and electric fields. When 
the energy in the field is influenced by the configuration of the mechanical parts 
constituting the boundaries of the field, mechanical forces are created which tend 
to move the mechanical elements so that energy is transmitted from the field to the 
mechanical system. 

Singly excited magnetic systems are considered first in Section 3.3. By removing 
electric and mechanical loss elements from the electromechanical-energy-conversion 
system (and incorporating them as loss elements in the external electrical and me- 
chanical systems), the energy conversion device can be modeled as a conservative 
system. Its energy then becomes a state function, determined by its state variables A 
and x. Section 3.4 derives expressions for determining the force and torque as the 
negative of partial derivative of the energy with respect to the displacement, taken 
while holding the flux-linkage 4 constant. 

In Section 3.5 the state function coenergy, with state variables i and x or @, is 
introduced. The force and torque are then shown to be given by the partial derivative of 
the coenergy with respect to displacement, taken while holding the current 7 constant. 

These concepts are extended in Section 3.6 to include systems with multi- 
ple windings. Section 3.7 further extends the development to include systems in 
which permanent magnets are included among the sources of the magnetic energy 
storage. 

Energy conversion devices operate between electric and mechanical systems. 
Their behavior is described by differential equations which include the coupling 
terms between the systems, as discussed in Section 3.8. These equations are usually 
nonlinear and can be solved by numerical methods if necessary. As discussed in 
Section 3.9, in some cases approximations can be made to simplify the equations. 
For example, in many cases, linearized analyses can provide useful insight, both with 
respect to device design and performance. 

This chapter has been concerned with basic principles applying broadly to the 
electromechanical-energy-conversion process, with emphasis on magnetic-field sys- 
tems. Basically, rotating machines and linear-motion transducers work in the same 
way. The remainder of this text is devoted almost entirely to rotating machines. 
Rotating machines typically include multiple windings and may include permanent 


3.11 Problems 


magnets. Their performance can be analyzed by using the techniques and principles 
developed in this chapter. 


3.11 PROBLEMS 


3.1 The rotor of Fig. 3.25 is similar to that of Fig. 3.2 (Example 3.1) except that 
it has two coils instead of one. The rotor is nonmagnetic and is placed in a 
uniform magnetic field of magnitude Bp. The coil sides are of radius R and 
are uniformly spaced around the rotor surface. The first coil is carrying a 
current J; and the second coil is carrying a current J. 

Assuming that the rotor is 0.30 m long, R = 0.13 m, and Bp = 0.85 T, 
find the 9-directed torque as a function of rotor position a for (a) J; = 0 A and 
h=5A,(b)h =5Aand I, = 0A, and (c) =8Aand hh = 8A. 

3.2 The winding currents of the rotor of Problem 3.1 are controlled as a function 
of rotor angle @ such that 


I, =8sina A and I,=8cosa A 


Write an expression for the rotor torque as a function of the rotor position a. 
3.3 Calculate the magnetic stored energy in the magnetic circuit of Example 1.2. 
3.4 An inductor has an inductance which is found experimentally to be of the form 
2L 
pa —2h0 
1+x/xo 
where Ly = 30 mH, xp = 0.87 mm, and x is the displacement of a movable 
element. Its winding resistance is measured and found to equal 110 mQ. 


a. The displacement x is held constant at 0.90 mm, and the current is 
increased from 0 to 6.0 A. Find the resultant magnetic stored energy in the 


inductor. 
Uniform magnetic field, By¥ 
i / , 

Current J, 
Current I, into paper 
into paper 

i 
Current I, 

Current J, out of paper 
out of paper 


Figure 3.25 Two-coil rotor for Problem 3.1. 
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b. The current is then held constant at 6.0 A, and the displacement is 
increased to 1.80 mm. Find the corresponding change in magnetic stored 
energy. 


3.5 Repeat Problem 3.4, assuming that the inductor is connected to a voltage 
source which increases from 0 to 0.4 V (part [a]) and then is held constant at 
0.4 V (part [b]). For both calculations, assume that all electric transients can 
be ignored. 

3.6 The inductor of Problem 3.4 is driven by a sinusoidal current source of the 
form 


i(t) = Ip sinwt 


where Jp = 5.5 A and w = 1007 (50 Hz). With the displacement held fixed at 
x = Xo, calculate (a) the time-averaged magnetic stored energy (Wag) in the 
inductor and (b) the time-averaged power dissipated in the winding resistance. 

3.7 An actuator with a rotating vane is shown in Fig. 3.26. You may assume that 
the permeability of both the core and the vane are infinite (u — 00). The total 
air-gap length is 2g and shape of the vane is such that the effective area of the 
air gap can be assumed to be of the form 


46\? 
Ag = Ag {1 — {| — 
54 
(valid only in the range |9| < 2/6). The actuator dimensions are g = 0.8 mm, 
Ap = 6.0 mm?, and N = 650 turns. 


a. Assuming the coil to be carrying current i, write an expression for the 
magnetic stored energy in the actuator as a function of angle 6 for 
|\0| < 7/6. 


Pivot 


o Vane 


(a) (b) 


Figure 3.26 Actuator with rotating vane for 
Problem 3.7. (a) Side view. (b) End view. 
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Figure 3.27 An RC circuit for Problem 3.8. 


b. Find the corresponding inductance L(6). Use MATLAB to plot this 
inductance as a function of 6. 

3.8 An RC circuit is connected to a battery, as shown in Fig. 3.27. Switch S is 

initially closed and is opened at time t = 0. 

a. Find the capacitor voltage vc(t) for t > 0 

b. What are the initial and final (¢ = oo) values of the stored energy in the 
capacitor? (Hint: Wag = iq? /C, where g = CV.) What is the energy 
stored in the capacitor as a function of time? 

c. What is the power dissipated in the resistor as a function of time? What 
is the total energy dissipated in the resistor? 

3.9 An RL circuit is connected to a battery, as shown in Fig. 3.28. Switch S is 

initially closed and is opened at time ¢ = 0. 

a. Find the inductor current i, (t) for t > 0. (Hint: Note that while the switch 
is Closed, the diode is reverse-biased and can be assumed to be an open 
circuit. Immediately after the switch is opened, the diode becomes 
forward-biased and can be assumed to be a short circuit.) 

b. What are the initial and final (t¢ = oo) values of the stored energy in the 
inductor? What is the energy stored in the inductor as a function of time? 

c. What is the power dissipated in the resistor as a function of time? What is 
the total energy dissipated in the resistor? 

3.10 The L/R time constant of the field winding of an SO0-MVA synchronous 
generator is 4.8 s. At normal operating conditions, the field winding is known 
to be dissipating 1.3 MW. Calculate the corresponding magnetic stored energy. 


Figure 3.28 An PRL circuit for Problem 3.9. 
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Figure 3.29 Plunger actuator for 
Problem 3.12. 


The inductance of a phase winding of a three-phase salient-pole motor is 
measured to be of the form 


L(O@m) = Lo + Lz cos 26m 


where @,, is the angular position of the rotor. 
a. How many poles are on the rotor of this motor? 


b. Assuming that all other winding currents are zero and that this phase is 
excited by a constant current Jo, find the torque Taq(@) acting on the rotor. 


Cylindrical iron-clad solenoid actuators of the form shown in Fig. 3.29 are 
used for tripping circuit breakers, for operating valves, and in other 
applications in which a relatively large force is applied to a member which 
moves a relatively short distance. When the coil current is zero, the plunger 
drops against a stop such that the gap g is 2.25 cm. When the coil is energized 
by a direct current of sufficient magnitude, the plunger is raised until it hits 
another stop set so that g is 0.2 cm. The plunger is supported so that it can 
move freely in the vertical direction. The radial air gap between the shell and 
the plunger can be assumed to be uniform and 0.05 cm in length. 

For this problem neglect the magnetic leakage and fringing in the air 
gaps. The exciting coil has 1300 turns and carries a constant current of 2.3 A. 
Assume that the mmf in the iron can be neglected and use MATLAB to 


a. plot the flux density in the variable gap between the yoke and the plunger 
for the range of travel of the plunger, 

b. plot the corresponding values of the total energy stored in the magnetic 
field in J, and 

c. plot the corresponding values of the coil inductance in 2H. 

Consider the plunger actuator of Fig. 3.29. Assume that the plunger is initially 

fully opened (g = 2.25 cm) and that a battery is used to supply a current of 

2.5 A to the winding. 


3.14 


3.15 


3:11 = Problems 


N-turn 


winding 


iis a 


ross-sectional 


area A 


Iron slab, mass M 


Figure 3.30 Electromagnet lifting an iron slab 
(Problem 3.14). 


a. Ifthe plunger is constrained to move very slowly (i.e., slowly compared 
to the electrical time constant of the actuator), reducing the gap g from 
2.25 to 0.20 cm, how much mechanical work in joules will be supplied to 
the plunger? 

b. For the conditions of part (a), how much energy will be supplied by the 
battery (in excess of the power dissipated in the coil)? 

As shown in Fig. 3.30, an N-turn electromagnet ts to be used to lift a slab of 

iron of mass M. The surface roughness of the iron is such that when the 

iron and the electromagnet are in contact, there is a minimum air gap of 

min = 0.18 mm in each leg. The electromagnet cross-sectional area 

¢ = 32 cm and coil resistance is 2.8 Q. Calculate the minimum coil voltage 
which must be used to lift a slab of mass 95 kg against the force of gravity. 

Neglect the reluctance of the iron. 

Data for the magnetization curve of the iron portion of the magnetic circuit of 

the plunger actuator of Problem 3.12 are given below: 


Flux (mWb) 5.12 842 9.95 106 10.9 11.1 113 114 11.5 11.46 
mmf(A-turns) 68 135 203 271 338 406 474 542 609 677 


a. Use the MATLAB polyfit function to obtain a 3’rd-order fit of reluctance 
and total flux versus mmf for the iron portions of the magnetic circuit. 
Your fits will be of the form: 


Feira = aF eon + a2F eon + 3F zon + a4 
diton = D1 Fon + b2F gon + 03Fivon + Ba 


List the coefficients. 


b. (@ Using MATLAB and the functional forms found in part (a), plot the 
magnetization curve for the complete magnetic circuit (flux linkages A 
versus winding current 7) for a variable-gap length of g = 0.2 cm. On the 
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Figure 3.31 Conductor ina slot 
(Problem 3.17). 


same axes, plot the magnetization curve corresponding to the assumption 
that the iron is of infinite permeability. The maximum current in your 
plot should correspond to a flux in the magnetic circuit of 600 mWb. 

(ii) Calculate the magnetic field energy and coenergy for each of these 
cases Corresponding to a winding current of 2.0 A. 

Repeat part (b) for a variable-gap length of g = 2.25 cm. In part (ii), 
calculate the magnetic field energy and coenergy corresponding to a 
winding current of 20 A. 


3.16 An inductor is made up of a 525-turn coil on a core of 14-cm? cross-sectional 
area and gap length 0.16 mm. The coil is connected directly to a 120-V 60-Hz 
voltage source. Neglect the coil resistance and leakage inductance. Assuming 
the coil reluctance to be negligible, calculate the time-averaged force acting 
on the core tending to close the air gap. How would this force vary if the 
air-gap length were doubled? 

Figure 3.31 shows the general nature of the slot-leakage flux produced by 
current 7 in a rectangular conductor embedded in a rectangular slot in iron. 
Assume that the iron reluctance is negligible and that the slot leakage flux 
goes straight across the slot in the region between the top of the conductor and 
the top of the slot. 


3.17 


3.18 


a. 


d. 


Derive an expression for the flux density B, in the region between the top 
of the conductor and the top of the slot. 

Derive an expression for the slot-leakage ¢, sits crossing the slot above 
the conductor, in terms of the height x of the slot above the conductor, the 
slot width s, and the embedded length / perpendicular to the paper. 
Derive an expression for the force f created by this magnetic field on 

a conductor of length /. In what direction does this force act on the 
conductor? 

When the conductor current is 850 A, compute the force per meter on a 
conductor in a slot 2.5 cm wide. 


A long, thin solenoid of radius rp and height is shown in Fig. 3.32. The 
magnetic field inside such a solenoid is axially directed, essentially uniform 
and equal to H = Ni/h. The magnetic field outside the solenoid can be 


3.19 
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> 


N turns 


Figure 3.32 
Solenoid coil 
(Problem 3.18). 


shown to be negligible. Calculate the radial pressure in newtons per square 
meter acting on the sides of the solenoid for constant coil current i = Ip. 

An electromechanical system in which electric energy storage is in electric 
fields can be analyzed by techniques directly analogous to those derived in 
this chapter for magnetic field systems. Consider such a system in which it is 
possible to separate the loss mechanism mathematically from those of energy 
storage in electric fields. Then the system can be represented as in Fig. 3.33. 
For a single electric terminal, Eq. 3.11 applies, where 


dWatec = vidt = v dq 


where v is the electric terminal voltage and g is the net charge associated with 
electric energy storage. Thus, by analogy to Eq. 3.16, 


dWaa = v dq — fag dx 


a. Derive an expression for the electric stored energy Waa(qg, x) analogous 
to that for the magnetic stored energy in Eq. 3.18. 

b. Derive an expression for the force of electric origin fgq analogous to that 
of Eq. 3.26. State clearly which variable must be held constant when 
the derivative is taken. 

c. By analogy to the derivation of Eqs. 3.34 to 3.41, derive an expression for 
the coenergy W,,4(v, x) and the corresponding force of electric origin. 


ig Fa 


Electric Mechanical 
terminal terminal 


Figure 3.33 Lossless electric energy 
storage system. 
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Figure 3.34 Capacitor plates (Problem 3.20). 


3.20 A capacitor (Fig. 3.34) is made of two conducting plates of area A separated 
in air by a spacing x. The terminal voltage is v, and the charge on the plates 
is q. The capacitance C, defined as the ratio of charge to voltage, is 

a 
v x 

where €o is the dielectric constant of free space (in SI units €9) = 

8.85 x 107 |? F/m). 

a. Using the results of Problem 3.19, derive expressions for the energy 
Waa(q, x) and the coenergy Wa,q(v, x). 

b. The terminals of the capacitor are connected to a source of constant 
voltage Vo. Derive an expression for the force required to maintain the 
plates separated by a constant spacing x = 6. 

3.21 Figure 3.35 shows in schematic form an electrostatic voltmeter, a capacitive 
system consisting of a fixed electrode and a moveable electrode. The 
moveable electrode is connected to a vane which rotates on a pivot such that 
the air gap between the two electrodes remains fixed as the vane rotates. The 
capacitance of this system is given by 


Cé) = — (|6| <a) 


Fixed 


electrode 


Torsional 
spring 

} 
Moveable 
electrode Depth d into 


paper 


Figure 3.35 Schematic electrostatic 
voltmeter (Problem 3.21). 
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Figure 3.36 Two-winding magnetic 
circuit for Problem 3.22. 


A torsional spring is connected to the moveable vane, producing a torque 
T spring = —K(6 — 6) 


a. For0 <6 <a, using the results of Problem 3.19, derive an expression 
for the electromagnetic torque Tq in terms of the applied voltage Vac. 


b. Find an expression for the angular position of the moveable vane as a 
function of the applied voltage Vac. 


c. For asystem with 


R= 12cm, d=4cm, g=0.2mm 
a@=a/3rad, 0 =Orad, K = 3.65N-m/rad 
Plot the vane position in degrees as a function of applied voltage for 
0 < Va. < 1500 V. 


3.22 The two-winding magnetic circuit of Fig. 3.36 has a winding on a fixed yoke 
and a second winding on a moveable element. The moveable element is 
constrained to motion such that the lengths of both air gaps remain equal. 


a. Find the self-inductances of windings | and 2 in terms of the core 
dimensions and the number of turns. 


Find the mutual inductance between the two windings. 
Calculate the coenergy Wyy (ii, i2). 


d. Find an expression for the force acting on the moveable element as a 
function of the winding currents. 


3.23. Two coils, one mounted on a stator and the other on a rotor, have self- and 
mutual inductances of 


Ly, =3.5mH Ly»=1.8mH Ly). = 2.1 cosé mH 


where 6 is the angle between the axes of the coils. The coils are connected in 
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3.24 


3.25 


series and carry a current 
i = V2I sinat 


a. Derive an expression for the instantaneous torque T on the rotor as a 
function of the angular position 6. 

Find an expression for the time-averaged torque Ty, as a function of 6. 
Compute the numerical value of Tayg for J = 10 A and 6 = 90°. 
Sketch curves of T,y,. versus 6 for currents J = 5, 7.07, and 10 A. 

A helical restraining spring which tends to hold the rotor at @ = 90° is 
now attached to the rotor. The restraining torque of the spring is 
proportional to the angular deflection from 9 = 90° and is —0.1 N-m 
when the rotor is turned to 9 = 0°. Show on the curves of part (d) how 
you could find the angular position of the rotor-plus-spring combination 
for coil currents J = 5, 7.07, and 10 A. From your curves, estimate the 
rotor angle for each of these currents. 


O&O 


f. Write a MATLAB script to plot the angular position of the rotor as a 
function of rms current forO < J < 10A. 

(Note that this problem illustrates the principles of the dynamometer-type ac 

ammeter.) 

Two windings, one mounted on a stator and the other on a rotor, have self- and 

mutual inductances of 


Ly =45H Ly» =2.5H Li =2.8cos6H 


where @ is the angle between the axes of the windings. The resistances of the 

windings may be neglected. Winding 2 is short-circuited, and the current in 

winding 1 as a function of time is 7; = 10 sin@t A. 

a. Derive an expression for the numerical value in newton-meters of the 
instantaneous torque on the rotor in terms of the angle 6. 


b. Compute the time-averaged torque in newton-meters when 6 = 45°. 


c. Ifthe rotor is allowed to move, will it rotate continuously or will it tend 
to come to rest? If the latter, at what value of 6)? 


A loudspeaker is made of a magnetic core of infinite permeability and circular 
symmetry, as shown in Figs. 3.37a and b. The air-gap length g is much less 
than the radius rg of the central core. The voice coil is constrained to move 
only in the x direction and is attached to the speaker cone, which is not shown 
in the figure. A constant radial magnetic field is produced in the air gap by a 
direct current in coil 1, i; = ,. An audio-frequency signal i2 = Ip cos ot is 
then applied to the voice coil. Assume the voice coil to be of negligible 
thickness and composed of N2 turns uniformly distributed over its height A. 
Also assume that its displacement is such that it remains in the air gap 
(<x <!1—h). 
a. Calculate the force on the voice coil, using the Lorentz Force Law 

(Eq. 3.1). 
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Figure 3.37 Loudspeaker for Problem 3.25. 


b. Calculate the self-inductance of each coil. 


Calculate the mutual inductance between the coils. (Hint: Assume that 
current is applied to the voice coil, and calculate the flux linkages of 
coil 1. Note that these flux linkages vary with the displacement x.) 


d. Calculate the force on the voice coil from the coenergy Wag. 


3.26 Repeat Example 3.8 with the samarium-cobalt magnet replaced by a 
neodymium-iron-boron magnet. 

3.27 The magnetic structure of Fig. 3.38 is a schematic view of a system designed 
to support a block of magnetic material (4 — oo) of mass M against the force 
of gravity. The system includes a permanent magnet and a winding. Under 
normal conditions, the force is supplied by the permanent magnet alone. The 
function of the winding is to counteract the field produced by the magnet so 
that the mass can be removed from the device. The system is designed such 
that the air gaps at each side of the mass remain constant at length go/2. 
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Figure 3.38 Magnetic support system for 
Problem 3.27. 
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3.28 


Assume that the permanent magnet can be represented by a linear 


characteristic of the form 


Bn = LeR( Am a H,) 


and that the winding direction is such that positive winding current reduces 
the air-gap flux produced by the permanent magnet. Neglect the effects of 
magnetic fringing. 


a. 


b. 


Assume the winding current to be zero. (/) Find the force faq acting on 
the mass in the x direction due to the permanent magnet alone as a 
function of x (0 < x < jh). (ii) Find the maximum mass Mma, that can be 
supported against gravity for0 < x <h. 

For M = Mmax/2, find the minimum current required to ensure that the 
mass will fall out of the system when the current is applied. 


Winding 1 in the loudspeaker of Problem 3.25 (Fig. 3.37) is replaced by a 
permanent magnet as shown in Fig. 3.39. The magnet can be represented by 
the linear characteristic Bn = Ur(Hm — He). 


a. 


d. 


Assuming the voice coil current to be zero, (i: = 0), calculate the 
magnetic flux density in the air gap. 

Calculate the flux linkage of the voice coil due to the permanent magnet 
as a function of the displacement x. 

Calculate the coenergy W,,4(i2, x) assuming that the voice coil current is 
sufficiently small so that the component of W,, due to the voice coil self 
inductance can be ignored. 


Calculate the force on the voice coil. 


3.29 Figure 3.40 shows a circularly symmetric system in which a moveable 
plunger (constrained to move only in the vertical direction) is supported by a 
spring of spring constant K = 5.28 N/m. The system is excited by a 


Permanent 


magnet 


} > 08 


Figure 3.39 Central core of 
loudspeaker of Fig. 3.37 with winding 1 
replaced by a permanent magnet 
(Problem 3.28). 
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Plunger 


C/I 
Figure 3.40 Permanent-magnet system for Problem 3.29. 


samarium-cobalt permanent-magnet in the shape of a washer of outer radius 
Rs, inner radius R2, and thickness t,,. The system dimensions are: 
R,;=2.1cem, Ro =4cem, R3 =4.5cm 
h=1cm, g=limm, t,=3mm 
The equilibrium position of the plunger is observed to be x = 1.0 mm. 
a. Find the magnetic flux density Bg in the fixed gap and B, in the 
variable gap. 
b. Calculate the x-directed magnetic force pulling down on the plunger. 
c. The spring force is of the form fopring = K (Xo — x). Find Xo. 
The plunger of a solenoid is connected to a spring. The spring force is given 
by f = Ko(0.9a — x), where x is the air-gap length. The inductance of the 
solenoid is of the form L = Lo(1 — x/a), and its winding resistance is R. 


The plunger is initially stationary at position x = 0.9a when a dc voltage 
of magnitude Vo is applied to the solenoid. 

a. Find an expression for the force as a function of time required to hold the 
plunger at position a/2. 

b. Ifthe plunger is then released and allowed to come to equilibrium, find 
the equilibrium position X9. You may assume that this position falls in the 
range 0 < Xo <a. 

Consider the solenoid system of Problem 3.30. Assume the following 

parameter values: 


Lp =4.0mH a@=2.2cm R=1.5Q2 Ko =3.5N/cm 
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3.32 


3.33 


3.34 


The plunger has mass M = 0.2 kg. Assume the coil to be connected to a de 

source of magnitude 4 A. Neglect any effects of gravity. 

a. Find the equilibrium displacement Xo. 

b. Write the dynamic equations of motion for the system. 

c. Linearize these dynamic equations for incremental motion of the system 
around its equilibrium position. 

d. If the plunger is displaced by an incremental distance € from its 
equilibrium position Xo and released with zero velocity at time t = 0, find 
(i) The resultant motion of the plunger as a function of time, and (ii) The 
corresponding time-varying component of current induced across the coil 
terminals. 


The solenoid of Problem 3.31 is now connected to a dc voltage source of 

magnitude 6 V. 

a. Find the equilibrium displacement Xo. 

b. Write the dynamic equations of motion for the system. 

c. Linearize these dynamic equations for incremental motion of the system 
around its equilibrium position. 

Consider the single-coil rotor of Example 3.1. Assume the rotor winding to be 

carrying a constant current of J = 8 A and the rotor to have a moment of 

inertia J = 0.0125 kg- m’. 

a. Find the equilibrium position of the rotor. Is it stable? 

b. Write the dynamic equations for the system. 

c. Find the natural frequency in hertz for incremental rotor motion around 
this equilibrium position. 

Consider a solenoid magnet similar to that of Example 3.10 (Fig. 3.24) except 

that the length of the cylindrical plunger is reduced to a + h. Derive the 

dynamic equations of motion of the system. 


Introduction to Rotating 
Machines 


he object of this chapter is to introduce and discuss some of the principles 

underlying the performance of electric machinery. As will be seen, these prin- 

ciples are common to both ac and de machines. Various techniques and approx- 
imations involved in reducing a physical machine to simple mathematical models, 
sufficient to illustrate the basic principles, will be developed. 


4.1 ELEMENTARY CONCEPTS 


Equation 1.27, e = di/dt, can be used to determine the voltages induced by time- 
varying magnetic fields. Electromagnetic energy conversion occurs when changes in 
the flux linkage 4 result from mechanical motion. In rotating machines, voltages are 
generated in windings or groups of coils by rotating these windings mechanically 
through a magnetic field, by mechanically rotating a magnetic field past the winding, 
or by designing the magnetic circuit so that the reluctance varies with rotation of the 
rotor. By any of these methods, the flux linking a specific coil is changed cyclically, 
and a time-varying voltage is generated. 

A set of such coils connected together is typically referred to as an armature 
winding. In general, the term armature winding is used to refer to a winding or a set 
of windings on a rotating machine which carry ac currents. In ac machines such as 
synchronous or induction machines, the armature winding is typically on the station- 
ary portion of the motor referred to as the stator, in which case these windings may 
also be referred to as stator windings. Figure 4.1 shows the stator winding of a large, 
multipole, three-phase synchronous motor under construction. 

In a de machine, the armature winding is found on the rotating member, referred 
to as the rotor. Figure 4.2 shows a dc-machine rotor. As we will see, the armature 
winding of a dc machine consists of many coils connected together to form a closed 
loop. A rotating mechanical contact is used to supply current to the armature winding 
as the rotor rotates. 


173 


174 


CHAPTER 4 Introduction to Rotating Machines 


Figure 4.1 Stator of a 190-MVA three-phase 12-kV 37-r/min hydroelectric generator. 
The conductors have hollow passages through which cooling water is circulated. (Brown 
Boveri Corporation.) 


Synchronous and de machines typically include a second winding (or set of 
windings) which carry de current and which are used to produce the main operating 
flux in the machine. Such a winding is typically referred to as field winding. The field 
winding on a dc machine is found on the stator, while that on a synchronous machine 
is found on the rotor, in which case current must be supplied to the field winding via 
a rotating mechanical contact. As we have seen, permanent magnets also produce dc 
magnetic flux and are used in the place of field windings in some machines. 

In most rotating machines, the stator and rotor are made of electrical steel, and 
the windings are installed in slots on these structures. As is discussed in Chapter 1, 
the use of such high-permeability material maximizes the coupling between the coils 
and increases the magnetic energy density associated with the electromechanical 
interaction. It also enables the machine designer to shape and distribute the magnetic 
fields according to the requirements of each particular machine design. The time- 
varying flux present in the armature structures of these machines tends to induce 
currents, known as eddy currents, in the electrical steel. Eddy currents can be a large 
source of loss in such machines and can significantly reduce machine performance. In 
order to minimize the effects of eddy currents, the armature structure is typically built 
from thin laminations of electrical steel which are insulated from each other. This is 
illustrated in Fig. 4.3, which shows the stator core of an ac motor being constructed 
as a stack of individual laminations. 

In some machines, such as variable reluctance machines and stepper motors, 
there are no windings on the rotor. Operation of these machines depends on the 
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Figure 4.3 Partially completed stator core for an ac motor. 
(Westinghouse Electric Corporation.) 
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nonuniformity of air-gap reluctance associated with variations in rotor position in 
conjunction with time-varying currents applied to their stator windings. In such ma- 
chines, both the stator and rotor structures are subjected to time-varying magnetic 
flux and, as a result, both may require lamination to reduce eddy-current losses. 

Rotating electric machines take many forms and are known by many names: dc, 
synchronous, permanent-magnet, induction, variable reluctance, hysteresis, brush- 
less, and so on. Although these machines appear to be quite dissimilar, the physical 
principles governing their behavior are quite similar, and it is often helpful to think 
of them in terms of the same physical picture. For example, analysis of a dc machine 
shows that associated with both the rotor and the stator are magnetic flux distributions 
which are fixed in space and that the torque-producing characteristic of the dc machine 
stems from the tendency of these flux distributions to align. An induction machine, in 
spite of many fundamental differences, works on exactly the same principle; one can 
identify flux distributions associated with the rotor and stator. Although they are not 
stationary but rather rotate in synchronism, just as in a dc motor they are displaced by 
a constant angular separation, and torque is produced by the tendency of these flux 
distribution to align. 

Certainly, analytically based models are essential to the analysis and design of 
electric machines, and such models will be derived thoughout this book. However, 
it is also important to recognize that physical insight into the performance of these 
devices is equally useful. One objective of this and subsequent chapters is to guide 
the reader in the development of such insight. 


4.2 INTRODUCTION TO AC AND DC 
MACHINES 


4.2.1 AC Machines 


Traditional ac machines fall into one of two categories: synchronous and induction. 
In synchronous machines, rotor-winding currents are supplied directly from the sta- 
tionary frame through a rotating contact. In induction machines, rotor currents are 
induced in the rotor windings by a combination of the time-variation of the stator 
currents and the motion of the rotor relative to the stator. 


Synchronous Machines _ A preliminary picture of synchronous-machine perfor- 
mance can be gained by discussing the voltage induced in the armature of the 
very much simplified salient-pole ac synchronous generator shown schematically 
in Fig. 4.4. The field-winding of this machine produces a single pair of magnetic 
poles (similar to that of a bar magnet), and hence this machine is referred to as a 
two-pole machine. 

With rare exceptions, the armature winding of a synchronous machine is on the 
stator, and the field winding is on the rotor, as is true for the simplified machine 
of Fig. 4.4. The field winding is excited by direct current conducted to it by means 
of stationary carbon brushes which contact rotatating slip rings or collector rings. 
Practical factors usually dictate this orientation of the two windings: It is advantageous 
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Figure 4.4 Schematic view of a simple, 
two-pole, single-phase synchronous 
generator. 


to have the single, low-power field winding on the rotor while having the high-power, 
typically multiple-phase, armature winding on the stator. 

The armature winding, consisting here of only a single coil of N turns, is indicated 
in cross section by the two coil sides a and —a placed in diametrically opposite narrow 
slots on the inner periphery of the stator of Fig. 4.4. The conductors forming these 
coil sides are parallel to the shaft of the machine and are connected in series by 
end connections (not shown in the figure). The rotor is turned at a constant speed 
by a source of mechanical power connected to its shaft. The armature winding is 
assumed to be open-circuited and hence the flux in this machine is produced by the 
field winding alone. Flux paths are shown schematically by dashed lines in Fig. 4.4. 

A highly idealized analysis of this machine would assume a sinusoidal distribu- 
tion of magnetic flux in the air gap. The resultant radial distribution of air-gap flux 
density B is shown in Fig. 4.5a as a function of the spatial angle 8, (measured with 
respect to the magnetic axis of the armature winding) around the rotor periphery. In 
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Figure 4.5 (a) Space distribution of flux density and 
(b) corresponding waveform of the generated voltage for the 
single-phase generator of Fig. 4.4. 
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practice, the air-gap flux-density of practical salient-pole machines can be made to 
approximate a sinusoidal distribution by properly shaping the pole faces. 

As the rotor rotates, the flux-linkages of the armature winding change with time. 
Under the assumption of a sinusoidal flux distribution and constant rotor speed, the 
resulting coil voltage will be sinusoidal in time as shown in Fig. 4.5b. The coil 
voltage passes through a complete cycle for each revolution of the two-pole machine 
of Fig. 4.4. Its frequency in cycles per second (Hz) is the same as the speed of the 
rotor in revolutions per second: the electric frequency of the generated voltage is 
synchronized with the mechanical speed, and this is the reason for the designation 
“synchronous” machine. Thus a two-pole synchronous machine must revolve at 3600 
revolutions per minute to produce a 60-Hz voltage. 

A great many synchronous machines have more than two poles. As a specific 
example, Fig. 4.6 shows in schematic form a four-pole single-phase generator. The 
field coils are connected so that the poles are of alternate polarity. There are two 
complete wavelengths, or cycles, in the flux distribution around the periphery, as 
shown in Fig. 4.7. The armature winding now consists of two coils a], —a, and 
a2, —az connected in series by their end connections. The span of each coil is one 
wavelength of flux. The generated voltage now goes through two complete cycles 
per revolution of the rotor. The frequency in hertz will thus be twice the speed in 
revolutions per second. 

When a machine has more than two poles, it is convenient to concentrate on 
a single pair of poles and to recognize that the electric, magnetic, and mechanical 
conditions associated with every other pole pair are repetitions of those for the pair 
under consideration. For this reason it is convenient to express angles in electrical 
degrees or electrical radians rather than in physical units. One pair of poles in a 
multipole machine or one cycle of flux distribution equals 360 electrical degrees or 
2x electrical radians. Since there are poles/2 complete wavelengths, or cycles, in one 


Figure 4.6 Schematic view of a 
simple, four-pole, single-phase 
synchronous generator. 
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Figure 4.7 Space distribution of the air-gap flux density in a 
idealized, four-pole synchronous generator. 


complete revolution, it follows, for example, that 


I 
Bz (= =| Oa (4.1) 


zZ 


where 6,¢ is the angle in electrical units and 6, is the spatial angle. This same rela- 
tionship applies to all angular measurements in a multipole machine; their values in 
electrical units will be equal to (poles/2) times their actual spatial values. 

The coil voltage of a multipole machine passes through a complete cycle every 
time a pair of poles sweeps by, or (poles/2) times each revolution. The electrical 
frequency f. of the voltage generated in a synchronous machine Is therefore 


vie (=) = Hz (4.2) 


where n is the mechanical speed in revolutions per minute, and hence n/60 is the 
speed in revolutions per second. The electrical frequency of the generated voltage in 
radians per second is @. = (poles/2) @m where w,, is the mechanical speed in radians 
per second. 

The rotors shown in Figs. 4.4 and 4.6 have salient, or projecting, poles with con- 
centrated windings. Figure 4.8 shows diagrammatically a nonsalient-pole, or cylin- 
drical, rotor. The field winding is a two-pole distributed winding; the coil sides are 
distributed in multiple slots around the rotor periphery and arranged to produce an 
approximately sinusoidal distribution of radial air-gap flux. 

The relationship between electrical frequency and rotor speed of Eq. 4.2 can serve 
as a basis for understanding why some synchronous generators have salient-pole ro- 
tor structures while others have cylindrical rotors. Most power systems in the world 
operate at frequencies of either 50 or 60 Hz. A salient-pole construction is character- 
istic of hydroelectric generators because hydraulic turbines operate at relatively low 
speeds, and hence a relatively large number of poles is required to produce the desired 
frequency; the salient-pole construction is better adapted mechanically to this situa- 
tion. The rotor of a large hydroelectric generator is shown in Fig. 4.9. Steam turbines 
and gas turbines, however, operate best at relatively high speeds, and turbine-driven 
alternators or turbine generators are commonly two- or four-pole cylindrical-rotor 
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Figure 4.8 Elementary two-pole 
cylindrical-rotor field winding. 


Figure 4.9 Water-cooled rotor of the 190-MVA 
hydroelectric generator whose stator is shown in Fig. 4.1. 
(Brown Boveri Corporation.) 
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Figure 4.10 Rotor of a two-pole 3600 r/min turbine generator. (Westinghouse Electric 
Corporation.) 


machines. The rotors are made from a single steel forging or from several forgings, 
as shown in Figs. 4.10 and 4.11. 

Most of the world’s power systems are three-phase systems and, as a result, 
with very few exceptions, synchronous generators are three-phase machines. For the 
production of a set of three voltages phase-displaced by 120 electrical degrees in 
time, a minimum of three coils phase-displaced 120 electrical degrees in space must 
be used. A simplified schematic view of a three-phase, two-pole machine with one 
coil per phase is shown in Fig. 4.12a. The three phases are designated by the letters 
a, b, and c. In an elementary four-pole machine, a minimum of two such sets of coils 
must be used, as illustrated in Fig. 4.12b; in an elementary multipole machine, the 
minimum number of coils sets is given by one half the number of poles. 

The two coils in each phase of Fig. 4.12b are connected in series so that their 
voltages add, and the three phases may then be either Y- or A-connected. Figure 4.12c 
shows how the coils may be interconnected to form a Y connection. Note however, 
since the voltages in the coils of each phase are indentical, a parallel connection is 
also possible, e.g., coil (a, —a) in parallel with coil (a’, —a’), and so on. 

When a synchronous generator supplies electric power to a load, the armature 
current creates a magnetic flux wave in the air gap which rotates at synchronous speed, 
as shown in Section 4.5. This flux reacts with the flux created by the field current, 
and electromechanical torque results from the tendency of these two magnetic fields 
to align. In a generator this torque opposes rotation, and mechanical torque must be 
applied from the prime mover to sustain rotation. This electromechanical torque is the 
mechanism through which the synchronous generator converts mechanical to electric 
energy. 

The counterpart of the synchronous generator is the synchronous motor. A cut- 
away view of a three-phase, 60-Hz synchronous motor is shown in Fig. 4.13. Alter- 
nating current is supplied to the armature winding on the stator, and de excitation 
is supplied to the field winding on the rotor. The magnetic field produced by the 
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Figure 4.11 Parts of multipiece rotor for a 1333-MVA three-phase 1800 r/min turbine 
generator. The separate forgings will be shrunk on the shaft before final machining and 
milling slots for the windings. The total weight of the rotor is 435,000 Ib. (Brown Boveri 
Corporation.) 


Figure 4.12 Schematic views of three-phase generators: (a) two-pole, (b) four-pole, and 
(c) Y connection of the windings. 


armature currents rotates at synchronous speed. To produce a steady electromechan- 
ical torque, the magnetic fields of the stator and rotor must be constant in amplitude 
and stationary with respect to each other. In a synchronous motor, the steady-state 
speed is determined by the number of poles and the frequency of the armature current. 
Thus a synchronous motor operated from a constant-frequency ac source will operate 
at a constant steady-state speed. 


4.2 Introduction to AC and DC Machines 183 


be 


Figure 4.13 Cutaway view of a high-speed synchronous motor. The excitor shown on the 
left end of the rotor is a small ac generator with a rotating semiconductor rectifier assembly. 
(General Electric Company.) 


Ina motor the electromechanical torque is in the direction of rotation and balances 
the opposing torque required to drive the mechanical load. The flux produced by 
currents in the armature of a synchronous motor rotates ahead of that produced by 
the field, thus pulling on the field (and hence on the rotor) and doing work. This is 
the opposite of the situation in a synchronous generator, where the field does work as 
its flux pulls on that of the armature, which is lagging behind. In both generators and 
motors, an electromechanical torque and a rotational voltage are produced. These are 
the essential phenomena for electromechanical energy conversion. 


Induction Machines A second type of ac machine is the induction machine. Like 
the synchronous machine, the stator winding of an induction machine is excited with 
alternating currents. In contrast to a synchronous machine in which a field winding on 
the rotor is excited with dc current, alternating currents flow in the rotor windings of 
an induction machine. In induction machines, alternating currents are applied directly 
to the stator windings. Rotor currents are then produced by induction, i.e., transformer 
action. The induction machine may be regarded as a generalized transformer in which 
electric power is transformed between rotor and stator together with a change of 
frequency and a flow of mechanical power. Although the induction motor is the most 
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common of all motors, it is seldom used as a generator; its performance characteristics 
as a generator are unsatisfactory for most applications, although in recent years it has 
been found to be well suited for wind-power applications. The induction machine 
may also be used as a frequency changer. 

In the induction motor, the stator windings are essentially the same as those of 
a synchronous machine. However, the rotor windings are electrically short-circuited 
and frequently have no external connections; currents are induced by transformer 
action from the stator winding. A cutaway view of a squirrel-cage induction motor is 
shown in Fig. 4.14. Here the rotor “windings” are actually solid aluminum bars which 
are cast into the slots in the rotor and which are shorted together by cast aluminum 
rings at each end of the rotor. This type of rotor construction results in induction 
motors which are relatively inexpensive and highly reliable, factors contributing to 
their immense popularity and widespread application. 

As in a synchronous motor, the armature flux in the induction motor leads that of 
the rotor and produces an electromechanical torque. In fact, we will see that, just as 
in a synchronous machine, the rotor and stator fluxes rotate in synchronism with each 
other and that torque is related to the relative displacement between them. However, 
unlike a synchronous machine, the rotor of an induction machine does not itself 
rotate synchronously; it is the “slipping” of the rotor with respect to the synchronous 
armature flux that gives rise to the induced rotor currents and hence the torque. 
Induction motors operate at speeds less than the synchronous mechanical speed. A 
typical speed-torque characteristic for an induction motor is shown in Fig. 4.15. 


Figure 4.14 Cutaway view of a squirrel-cage induction motor. 
(Westinghouse Electric Corporation.) 


4.2 |ntroduction to AC and DC Machines 


Torque 


0 20 40 60 80 100 
Speed in percent of synchronous speed 


Figure 4.15 Typical induction-motor speed-torque 
characteristic. 


Figure 4.16 Cutaway view of a typical integral-horsepower dc motor. (ASEA 
Brown Boveri.) 


4.2.2 DC Machines 


As has been discussed, the armature winding of a dc generator is on the rotor with 
current conducted from it by means of carbon brushes. The field winding is on the 
stator and is excited by direct current. A cutaway view of a dc motor is shown in 
Fig. 4.16. 

A very elementary two-pole de generator is shown in Fig. 4.17. The armature 
winding, consisting of a single coil of N turns, is indicated by the two coil sides 
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Figure 4.17 Elementary dc machine with 
commutator. 


a and —a placed at diametrically opposite points on the rotor with the conductors 
parallel to the shaft. The rotor is normally turned at a constant speed by a source 
of mechanical power connected to the shaft. The air-gap flux distribution usually 
approximates a flat-topped wave, rather than the sine wave found in ac machines, and 
is shown in Fig. 4.18a. Rotation of the coil generates a coil voltage which is a time 
function having the same waveform as the spatial flux-density distribution. 

Although the ultimate purpose is the generation of a direct voltage, the voltage 
induced in an individual armature coil is an alternating voltage, which must there- 
fore be rectified. The output voltage of an ac machine can be rectified using external 
semiconductor rectifiers. This is in contrast to the conventional dc machine in which 
rectification is produced mechanically by means of a commutator, which is a cylinder 
formed of copper segments insulated from each other by mica or some other highly 
insulating material and mounted on, but insulated from, the rotor shaft. Stationary 
carbon brushes held against the commutator surface connect the winding to the exter- 
nal armature terminals. The commutator and brushes can readily be seen in Fig. 4.16. 
The need for commutation is the reason why the armature windings of dc machines 
are placed on the rotor. 

For the elementary dc generator, the commutator takes the form shown in Fig. 4.17. 
For the direction of rotation shown, the commutator at all times connects the coil side, 
which is under the south pole, to the positive brush and that under the north pole to 
the negative brush. The commutator provides full-wave rectification, transforming 
the voltage waveform between brushes to that of Fig. 4.18b and making available 
a unidirectional voltage to the external circuit. The dc machine of Fig. 4.17 is, of 
course, simplified to the point of being unrealistic in the practical sense, and later it 
will be essential to examine the action of more realistic commutators. 

The effect of direct current in the field winding of a dc machine is to create a 
magnetic flux distribution which is stationary with respect to the stator. Similarly, the 
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Figure 4.18 (a) Space distribution of air-gap flux density in an 
elementary dc machine; (b) waveform of voltage between brushes. 


effect of the commutator is such that when direct current flows through the brushes, 
the armature creates a magnetic flux distribution which is also fixed in space and 
whose axis, determined by the design of the machine and the position of the brushes, 
is typically perpendicular to the axis of the field flux. 

Thus, just as in the ac machines discussed previously, it is the interaction of these 
two flux distributions that creates the torque of the dc machine. If the machine is acting 
as a generator, this torque opposes rotation. If it is acting as a motor, the electrome- 
chanical torque acts in the direction of the rotation. Remarks similar to those already 
made concerning the roles played by the generated voltage and electromechanical 
torque in the energy conversion process in synchronous machines apply equally well 
to de machines. 


4.3 MMF OF DISTRIBUTED WINDINGS 


Most armatures have distributed windings, i.e., windings which are spread over a 
number of slots around the air-gap periphery, as in Figs. 4.2 and 4.1. The individual 
coils are interconnected so that the result is a magnetic field having the same number 
of poles as the field winding. 

The study of the magnetic fields of distributed windings can be approached by 
examining the magnetic field produced by a winding consisting of a single N-turn 
coil which spans 180 electrical degrees, as shown in Fig. 4.19a. A coil which spans 
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Figure 4.19 (a) Schematic view of flux produced by a concentrated, 
full-pitch winding in a machine with a uniform air gap. (6) The air-gap 
mmf produced by current in this winding. 


180 electrical degrees is known as a full-pitch coil. The dots and crosses indicate cur- 
rent flow towards and away from the reader, respectively. For simplicity, a concentric 
cylindrical rotor is shown. The general nature of the magnetic field produced by the 
current in the coil is shown by the dashed lines in Fig. 4.19a. Since the permeability 
of the armature and field iron is much greater than that of air, it is sufficiently accurate 
for our present purposes to assume that all the reluctance of the magnetic circuit is 
in the air gap. From symmetry of the structure it is evident that the magnetic field 
intensity Hj, in the air gap at angle @, under one pole is the same in magnitude as that 
at angle 6, + a under the opposite pole, but the fields are in the opposite direction. 
Around any of the closed paths shown by the fiux lines in Fig. 4.19a the mmf is 
Ni. The assumption that all the reluctance of this magnetic circuit is in the air gap 
leads to the result that the line integral of H inside the iron is negligibly small, and 
thus it is reasonable to neglect the mmf drops associated with portions of the magnetic 
circuit inside the iron. By symmetry we argued that the air-gap fields Ha, on opposite 
sides of the rotor are equal in magnitude but opposite in direction. It follows that the 
air-gap mmf should be similarly distributed; since each flux line crosses the air gap 
twice, the mmf drop across the air gap must be equal to half of the total or Ni/2. 
Figure 4.19b shows the air gap and winding in developed form, i.e., laid out 
flat. The air-gap mmf distribution is shown by the steplike distribution of amplitude 
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Ni/2. On the assumption of narrow slot openings, the mmf jumps abruptly by Ni in 
crossing from one side to the other of a coil. This mmf distribution is discussed again 
in Section 4.4, where the resultant magnetic fields are evaluated. 


4.3.1 AC Machines 


Fourier analysis can show that the air-gap mmf produced by a single coil such as the 
full-pitch coil of Fig. 4.19 consists of a fundamental space-harmonic component as 
well as a series of higher-order harmonic components. In the design of ac machines, 
serious efforts are made to distribute the coils making up the windings so as to 
minimize the higher-order harmonic components and to produce an air-gap mmf 
wave which consists predominantly of the space-fundamental sinusoidal component. 
It is thus appropriate here to assume that this has been done and to focus our attention 
on the fundamental component. 

The rectangular air-gap mmf wave of the concentrated two-pole, full-pitch coil of 
Fig. 4.19b can be resolved into a Fourier series comprising a fundamental component 
and a series of odd harmonics. The fundamental component F agi is 


4 (Ni 
Fae (+) cos 6, (4.3) 
514 2 


where 6, is measured from the magnetic axis of the stator coil, as shown by the dashed 
sinusoid in Fig. 4.19b. It is a sinusoidal space wave of amplitude 


4 (Ni 
(Fag )peak = cs (+) (4.4) 


with its peak aligned with the magnetic axis of the coil. 

Now consider a distributed winding, consisting of coils distributed in several 
slots. For example, Fig. 4.20a shows phase a of the armature winding of a somewhat 
simplified two-pole, three-phase ac machine. Phases b and c occupy the empty slots. 
The windings of the three phases are identical and are located with their magnetic 
axes 120 degrees apart. We direct our attention to the air-gap mmf of phase a alone, 
postponing the discussion of the effects of all three phases until Section 4.5. The 
winding is arranged in two layers, each full-pitch coil of NV, turns having one side in 
the top of a slot and the other coil side in the bottom of a slot a pole pitch away. In 
a practical machine, this two-layer arrangement simplifies the geometric problem of 
getting the end turns of the individual coils past each other. 

Figure 4.20b shows one pole of this winding laid out flat. With the coils connected 
in series and hence carrying the same current, the mmf wave is a series of steps each 
of height 2.N,i, (equal to the ampere-turns in the slot), where i, is the winding current. 
Its space-fundamental component is shown by the sinusoid. It can be seen that the 
distributed winding produces a closer approximation to a sinusoidal mmf wave than 
the concentrated coil of Fig. 4.19. 

The amplitude of the fundamental-space-harmonic-component of the mmf wave 
of a distributed winding is less than the sum of the fundamental components of the 
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Figure 4.20 The mmf of one phase of a distributed two-pole, 
three-phase winding with full-pitch coils. 


individual coils because the magnetic axes of the individual coils are not aligned with 
the resultant. The modified form of Eq. 4.3 for a distributed multipole winding having 
Npn series turns per phase is 


4 (kN | 
ye ( bd 2 i, COS (SF .) (4.5) 


x \ poles 


in which the factor 4/7 arises from the Fourier-series analysis of the rectangular mmf 
wave of a concentrated full-pitch coil, as in Eq. 4.3, and the winding factor k,, takes 
into account the distribution of the winding. This factor is required because the mmf’s 
produced by the individual coils of any one phase group have different magnetic axes. 
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When they are connected in series to form the phase winding, their phasor sum is then 
less than their numerical sum. (See Appendix B for details.) For most three-phase 
windings, k,, typically falls in the range of 0.85 to 0.95. 

The factor ky Npn is the effective series turns per phase for the fundamental mmf. 
The peak amplitude of this mmf wave is 


4 (kN, 
(Fagi)peak = — (=e) i. (4.6) 


x \ poles 


The phase-a two-pole armature winding of Fig. 4.20a can be considered to consist of 8 N,-turn, 
full-pitch coils connected in series, with each slot containing two coils. There are a total of 24 
armature slots, and thus each slot is separated by 360°/24 = 15°. Assume angle 6, is measured 
from the magnetic axis of phase a such that the four slots containing the coil sides labeled a 
are at 6, = 67.5°, 82.5°, 97.5°, and 112.5°. The opposite sides of each coil are thus found in 
the slots found at —112.5°, —97.5°, —82.5° and —67.5°, respectively. Assume this winding to 
be carrying current i,. 

(a) Write an expression for the space-fundamental mmf produced by the two coils whose 
sides are in the slots at 6, = 112.5° and —67.5°. (b) Write an expression for the space- 
fundamental mmf produced by the two coils whose sides are in the slots at 6. = 67.5° and 
—112.5°. (c) Write an expression for the space-fundamental mmf of the complete armature 
winding. (d) Determine the winding factor k,, for this distributed winding. 


Solution 

a. Noting that the magnetic axis of this pair of coils is at 6, = (112.5° — 67.5°)/2 = 22.5° 
and that the total ampere-turns in the slot is equal to 2N,i,, the mmf produced by this pair 
of coils can be found from analogy with Eq. 4.3 to be 


4 { 2N.i, : 
(Fagi)22.50 = = ( ) cos (6, — 22.5°) 
u 2 


b. This pair of coils produces the same space-fundamental mmf as the pair of part (a) with 
the exception that this mmf is centered at 6, = —22.5°. Thus 


4 [ 2N.ia 
(Fagi)-22.5° = — ( ) cos (6, + 22.5°) 
a 2 
c. By analogy with parts (a) and (b), the total space-fundamental mmf can be written as 


(Frag rota = (Fagi)—22.5° + (Fagi) 75° + (Fagida.se + (Fagi)22.5° 
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d. Recognizing that, for this winding Np, = 8N., the total mmf of part (c) can be rewritten 
as 


4 (0.958Ny, \ . 
(Frags total = a Gena) la cos 6, 


Comparison with Eq. 4.5 shows that for this winding, the winding factor is k,, = 0.958. 


Calculate the winding factor of the phase-a winding of Fig. 4.20 if the number of turns in the 
four coils in the two outer pairs of slots is reduced to six while the number of turns in the four 
coils in the inner slots remains at eight. 


ky = 0.962 


Equation 4.5 describes the space-fundamental component of the mmf wave pro- 
duced by current in phase a of a distributed winding. If the phase-a current is sinusoidal 
in time, e.g., ig = [cos wt, the result will be an mmf wave which is stationary in 
space and varies sinusoidally both with respect to 6, and in time. In Section 4.5 we 
will study the effect of currents in all three phases and will see that the application of 
three-phase currents will produce a rotating mmf wave. 

In a directly analogous fashion, rotor windings are often distributed in slots to 
reduce the effects of space harmonics. Figure 4.21a shows the rotor of a typical two- 
pole round-rotor generator. Although the winding is symmetric with respect to the 
rotor axis, the number of turns per slot can be varied to control the various harmonics. 
In Fig. 4.21b it can be seen that there are fewer turns in the slots nearest the pole 
face. In addition, the designer can vary the spacing of the slots. As for distributed 
armature windings, the fundamental air-gap mmf wave of a multipole rotor winding 
can be found from Eq. 4.5 in terms of the total number of series turns N,, the winding 
current /, and a winding factor k, as 


4 (kN 1 
Fast = — ( é “| I,cos (= =a) (4.7) 
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where 6, is the spatial angle measured with respect to the rotor magnetic axis, as 
shown in Fig. 4.21b. Its peak amplitude is 


4 (kN, 
(Fagi ) peak a (=) I, (4.8) 
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4.3.2 DC Machines 


Because of the restrictions imposed on the winding arrangement by the commu- 
tator, the mmf wave of a dc machine armature approximates a sawtooth waveform 
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Figure 4.21 The air-gap mmf of a distributed winding on the rotor of a round-rotor 
generator. 


more nearly than the sine wave of ac machines. For example, Fig. 4.22 shows 
diagrammatically in cross section the armature of a two-pole dc machine. (In practice, 
in all but the smallest of dc machines, a larger number of coils and slots would prob- 
ably be used.) The current directions are shown by dots and crosses. The armature 
winding coil connections are such that the armature winding produces a magnetic 


193 


194 CHAPTER 4 Introduction to Rotating Machines 


Magnetic axis 


of armature 


winding _ 


\ 
—\- Magnetic axis 
\ 


Tepe: 
| of field winding 


Figure 4.22 Cross section of a two-pole de machine. 


field whose axis is vertical and thus is perpendicular to the axis of the field winding. 
As the armature rotates, the coil connections to the external circuit are changed by 
the commutator such that the magnetic field of the armature remains vertical. Thus, 
the armature flux is always perpendicular to that produced by the field winding and 
a continuous unidirectional torque results. Commutator action is discussed in some 
detail in Section 7.2. 

Figure 4.23a shows this winding laid out flat. The mmf wave is shown in 
Fig. 4.23b. On the assumption of narrow slots, it consists of a series of steps. The 
height of each step equals the number of ampere-turns 2Nci; in a slot, where N, is 
the number of turns in each coil and i, is the coil current, with a two-layer wind- 
ing and full-pitch coils being assumed. The peak value of the mmf wave is along the 
magnetic axis of the armature, midway between the field poles. This winding is equiv- 
alent to a coil of 12N,i, A-turns distributed around the armature. On the assumption 
of symmetry at each pole, the peak value of the mmf wave at each armature pole is 
6N.i, A-turns. 

This mmf wave can be represented approximately by the sawtooth wave drawn in 
Fig. 4.23b and repeated in Fig. 4.23c. Fora more realistic winding with a larger number 
of armature slots per pole, the triangular distribution becomes a close approximation. 
This mmf wave would be produced by a rectangular distribution of current density at 
the armature surface, as shown in Fig. 4.23c. 

For our preliminary study, it is convenient to resolve the mmf waves of distributed 
windings into their Fourier series components. The fundamental component of the 
sawtooth mmf wave of Fig. 4.23c is shown by the sine wave. Its peak value is 8/2? = 
0.81 times the height of the sawtooth wave. This fundamental mmf wave is that which 
would be produced by the fundamental space-harmonic component of the rectangular 
current-density distribution of Fig. 4.23c. This sinusoidally-distributed current sheet 
is shown dashed in Fig. 4.23c. 


4.3 MMF of Distributed Windings 
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lc Z™ mmf wave 
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(c) 


Figure 4.23 (a) Developed sketch of the dc machine of Fig. 4.22: (b) mmf wave; 
(c) equivalent sawtooth mmf wave, its fundamental component, and equivalent 
rectangular current sheet. 


Note that the air-gap mmf distribution depends on only the winding arrangement 
and symmetry of the magnetic structure at each pole. The air-gap flux density, however, 
depends not only on the mmf but also on the magnetic boundary conditions, primarily 
the length of the air gap, the effect of the slot openings, and the shape of the pole 
face. The designer takes these effects into account by means of detailed analyses, but 
these details need not concern us here. 

DC machines often have a magnetic structure with more than two poles. For 
example, Fig. 4.24a shows schematically a four-pole dc machine. The field winding 
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Figure 4.24 (a) Cross section of a four-pole dc machine; (b) development of 
current sheet and mmf wave. 


produces alternate north-south-north-south polarity, and the armature conductors are 
distributed in four belts of slots carrying currents alternately toward and away from the 
reader, as symbolized by the cross-hatched areas. This machine is shown in laid-out 
form in Fig. 4.24b. The corresponding sawtooth armature-mmf wave is also shown. 
On the assumption of symmetry of the winding and field poles, each successive pair 
of poles is like every other pair of poles. Magnetic conditions in the air gap can 
then be determined by examining any pair of adjacent poles, that is, 360 electrical 
degrees. 

The peak value of the sawtooth armature mmf wave can be written in terms of 
the total number of conductors in the armature slots as 


Ca 


aac} la A- turns/pole (4.9) 


(Fag) peak = ( 


where 


C, = total number of conductors in armature winding 
m = number of parallel paths through armature winding 
i, = armature current, A 


This equation takes into account the fact that in some cases the armature may be 
wound with multiple current paths in parallel. It is for this reason that it is often 
more convenient to think of the armature in terms of the number of conductors (each 
conductor corresponding to a single current-carrying path within a slot). Thus i,/m 
is the current in each conductor. This equation comes directly from the line integral 
around the dotted closed path in Fig. 4.24b which crosses the air gap twice and 
encloses C,/poles conductors, each carrying current i,/m in the same direction. In 
more compact form, 


Na \. 
(Fag) peak = ( a ) la (4.10) 
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where N, = C,/(2m) is the number of series armature turns. From the Fourier series 
for the sawtooth mmf wave of Fig. 4.24b, the peak value of the space fundamental is 
given by 


8 Na \. 
(Fag peak = Sa ( ) la (4.11) 


m* \ poles 


4.4 MAGNETIC FIELDS IN ROTATING 
MACHINERY 


We base our preliminary investigations of both ac and dc machines on the assumption 
of sinusoidal spatial distributions of mmf. This assumption will be found to give very 
satisfactory results for most problems involving ac machines because their windings 
are commonly distributed so as to minimize the effects of space harmonics. Because of 
the restrictions placed on the winding arrangement by the commutator, the mmf waves 
of dc machines inherently approach more nearly a sawtooth waveform. Nevertheless, 
the theory based on a sinusoidal model brings out the essential features of dc machine 
theory. The results can readily be modified whenever necessary to account for any 
significant discrepancies. 

It is often easiest to begin by examination of a two-pole machine, in which the 
electrical and mechanical angles and velocities are equal. The results can immediately 
be extrapolated to a multipole machine when it is recalled that electrical angles and 
angular velocities are related to mechanical angles and angular velocities by a factor 
of poles/2 (see, for example, Eq. 4.1). 

The behavior of electric machinery is determined by the magnetic fields created 
by currents in the various windings of the machine. This section discusses how these 
magnetic fields and currents are related. 


4.4.1. Machines with Uniform Air Gaps 


Figure 4.25a shows a single full-pitch, N-turn coil in a high-permeability magnetic 
structure (44 — oo), with a concentric, cylindrical rotor. The air-gap mmf Fy, of this 
configuration is shown plotted versus angle @, in Fig. 4.25b. For such a structure, with 
a uniform air gap of length g at radius r, (very much larger than g), it is quite accurate 
to assume that the magnetic field H in the air gap is directed only radially and has 
constant magnitude across the air gap. 

The air-gap mmf distribution of Fig. 4.25b is equal to the line integral of Hag 
across the air gap. For this case of constant radial Hg, this integral is simply equal 
to the product of the air-gap radial magnetic field Hy, times the air-gap length g, and 
thus H,, can be found simply by dividing the air-gap mmf by the air-gap length: 


Fea 
i= a (4.12) 
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Figure 4.25 The air-gap mmf and radial component of Hag for a 
concentrated full-pitch winding. 


Thus, in Fig. 4.25c, the radial Hag field and mmf can be seen to be identical in form, 
simply related by a factor of 1/g. 

The fundamental space-harmonic component of Hj, can be found directly from 
the fundamental component Fag;, given by Eq. 4.3. 


Fos 4 (Ni 
Aig = a eee (=) cos 6, (4.13) 
g nm \2g 


4.4 Magnetic Fields in Rotating Machinery 


It is a sinusoidal space wave of amplitude 


4 (Ni 

Angi) peak = — | —— 4.14 

( gl)p Ik - ( >) ( ) 

For a distributed winding such as that of Fig. 4.20, the air-gap magnetic field 

intensity is easily found once the air-gap mmf is known. Thus the fundamental com- 

ponent of Hz, can be found by dividing the fundamental component of the air-gap 
mmf (Eq. 4.5) by the air-gap length g 


4 ( kwN 
Hees (=e) i, cos (2 4.) (4.15) 


mz \g- poles 


This equation has been written for the general case of a multipole machine, and Nop 
is the total number of series turns per phase. 

Note that the space-fundamental air-gap mmf F,.; and air-gap magnetic field Hag; 
produced by a distributed winding of winding factor ky and Np,/poles series turns per 
pole is equal to that produced by a concentrated, full pitch winding of (ky Npn) /poles 
turns per pole. In the analysis of machines with distributed windings, this result is 
useful since in considering space-fundamental quantities it permits the distributed 
solution to be obtained from the single N-turn, full-pitch coil solution simply by 
replacing N by the effective number of turns, ky Npn, of the distributed winding. 
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A four-pole synchronous ac generator with a smooth air gap has a distributed rotor winding 
with 263 series turns, a winding factor of 0.935, and an air gap of length 0.7 mm. Assuming 
the mmf drop in the electrical steel to be negligible, find the rotor-winding current required to 
produce a peak, space-fundamental magnetic flux density of 1.6 T in the machine air gap. 


@ Solution 

The space-fundamental air-gap magnetic flux density can be found by multiplying the air-gap 
magnetic field by the permeability of free space 49, which in turn can be found from the space- 
fundamental component of the air-gap mmf by dividing by the air-gap length g. Thus, from 
Eq. 4.8 


(Bagi) peak = 


Ho(Fagt ) peak = 4uo kN, I 
g ~ ag \ poles 


and J, can be found from 


1g - poles 
i B, 
( Ajok,N, ) ( 21) peak 


7 x x 0.0007 x 4 1.6 
~ \ 4x 4m x 10-7 x 0.935 x 263 


=114A 
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Practice Problem 4.2 


A 2-pole synchronous machine has an air-gap length of 2.2 cm and a field winding with a 
total of 830 series turns. When excited by a field current of 47 A, the peak, space-fundamental 
magnetic flux density in the machine air-gap is measured to be 1.35 T. 

Based upon the measured flux density, calculate the field-winding winding factor k,. 


Solution 


k, = 0.952 


4.4.2 Machines with Nonuniform Air Gaps 


Figure 4.26a shows the structure of a typical de machine, and Fig. 4.26b shows 
the structure of a typical salient-pole synchronous machine. Both machines con- 
sist of magnetic structures with extremely nonuniform air gaps. In such cases the 
air-gap magnetic-field distribution is more complex than that of uniform-air-gap 
machines. 

Detailed analysis of the magnetic field distributions in such machines requires 
complete solutions of the field problem. For example, Fig. 4.27 shows the magnetic 
field distribution in a salient-pole dc generator (obtained by a finite-element solution). 
However, experience has shown that through various simplifying assumptions, ana- 
lytical techniques which yield reasonably accurate results can be developed. These 
techniques are illustrated in later chapters, where the effects of saliency on both dc 
and ac machines are discussed. 


~ Field \ 
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Figure 4.26 Structure of typical salient-pole machines: (a) dc machine and (b) salient-pole 
synchronous machine. 
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Figure 4.27 Finite-element solution of the magnetic field distribution in a salient-pole 
dc generator. Field coils excited; no current in armature coils. (General Electric 
Company.) 


4.5 ROTATING MMF WAVES IN AC MACHINES 


To understand the theory and operation of polyphase ac machines, it is necessary to 
study the nature of the mmf wave produced by a polyphase winding. Attention will be 
focused on a two-pole machine or one pair of a multipole winding. To develop insight 
into the polyphase situation, it is helpful to begin with an analysis of a single-phase 
winding. 


4.5.1 MMF Wave of a Single-Phase Winding 


Figure 4.28a shows the space-fundamental mmf distribution of a single-phase wind- 
ing, where, from Eq. 4.5, 


4 (kN, I 
Fagi = — = ig COS eer 0, (4.16) 
x \ poles 2 


When this winding is excited by a sinusoidally varying current in time at electrical 
frequency Wwe 


ig = I,COS Wet (4.17) 
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Figure 4.28 Single-phase-winding space-fundamental air-gap mmf: (a) mmf 
distribution of a single-phase winding at various times; (b) total mmf Fagi decomposed 
into two traveling waves F~ and F+; (c) phasor decomposition of Fag1. 


the mmf distribution is given by 


I 
Fagi = Frax COS (Ba) COS Wel 


= Fyax COS (Age) COS Wet (4.18) 


Equation 4.18 has been written in a form to emphasize the fact that the result is 
an mmf distribution of maximum amplitude. 


4 (kN 
Foo = — ( =) ‘PF (4.19) 
x \ poles 
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This mmf distribution remains fixed in space with an amplitude that varies sinusoidally 
in time at frequency w,, as shown in Fig. 4.28a. Note that, to simplify the notation, 
Eq. 4.1 has been used to express the mmf distribution of Eq. 4.18 in terms of the 
electrical angle 6ze. 

Use of a common trigonometric identity! permits Eq. 4.18 to be rewritten in the 
form 


Fag = Finax E COS (Bae — Wet) + ; COS (Bae + on] (4.20) 
which shows that the mmf of a single-phase winding can be resolved into two rotating 
mmf waves each of amplitude one-half the maximum amplitude of F,,.; with one, 
ae traveling in the +6, direction and the other, F a5 , traveling in the —6, direction, 
both with electrical angular velocity w. (equal to a mechanical angular velocity of 
2we/poles): 


1 

Fai = 3 max COS (Pre — Wet) (4.21) 
1 

F agi = 5 Fmax COS (Bae + Wet) (4.22) 


This decomposition is shown graphically in Fig. 4.28b and in a phasor representation 
in Fig. 4.28c. 

The fact that the air-gap mmf of a single-phase winding excited by a source of 
alternating current can be resolved into rotating traveling waves is an important con- 
ceptual step in understanding ac machinery. As shown in Section 4.5.2, in polyphase 
ac machinery the windings are equally displaced in space phase, and the winding cur- 
rents are similarly displaced in time phase, with the result that the negative-traveling 
flux waves of the various windings sum to zero while the positive-traveling flux waves 
reinforce, giving a single positive-traveling flux wave. 

In single-phase ac machinery, the positive-traveling flux wave produces useful 
torque while the negative-traveling flux wave produces both negative and pulsating 
torque as well as losses. These machines are designed so as to minimize the effects 
of the negative-traveling flux wave, although, unlike in the case of polyphase machin- 
ery, these effects cannot be totally eliminated. 


4.5.2 MMF Wave of a Polyphase Winding 


In this section we study the mmf distributions of three-phase windings such as those 
found on the stator of three-phase induction and synchronous machines. The analyses 
presented can be readily extended to a polyphase winding with any number of phases. 
Once again attention is focused on a two-pole machine or one pair of poles of a 
multipole winding. 

In a three-phase machine, the windings of the individual phases are displaced 
from each other by 120 electrical degrees in space around the airgap circumference, 
as shown by coils a, —a, b, —b, and c, —c in Fig. 4.29. The concentrated full-pitch 


' cosa cos B = 4 cos(a — B) + 5 cos (a + B) 
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Figure 4.29 Simplified two-pole 
three-phase stator winding. 


coils shown here may be considered to represent distributed windings producing si- 
nusoidal mmf waves centered on the magnetic axes of the respective phases. The 
space-fundamental sinusoidal mmf waves of the three phases are accordingly dis- 
placed 120 electrical degrees in space. Each phase is excited by an alternating current 
which varies in magnitude sinusoidally with time. Under balanced three-phase con- 
ditions, the instantaneous currents are 


i, = Im COS Wet (4.23) 
ip = Im COS (Wet — 120°) (4.24) 
ig = Im cos (Wet + 120°) (4.25) 


where J, is the maximum value of the current and the time origin is arbitrarily taken 
as the instant when the phase-a current is a positive maximum. The phase sequence 
is assumed to be abc. The instantaneous currents are shown in Fig. 4.30. The dots 
and crosses in the coil sides (Fig. 4.29) indicate the reference directions for positive 
phase currents. 

The mmf of phase a has been shown to be 


Fa =Fit+Fy (4.26) 
where 
I 
t= 3 Fax COS (Axe — Wet) (4.27) 
eae | 
Fi = 5 Fimax COS (Bae + Wet) (4.28) 
and 


4 (kN 
eee ae (=e) Im (4.29) 
x \ poles 
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Figure 4.30 Instantaneous phase 
currents under balanced three-phase 
conditions. 


Note that to avoid excessive notational complexity, the subscript ag has been dropped; 
here the subscript al indicates the space-fundamental component of the phase-a air- 
gap mmf. 


Similarly, for phases b and c, whose axes are at 9, = 120° and 6, = —120°, 
respectively, 
For = Fy + Foi (4.30) 
1 
Fei = 3 max COS (Bae — Wet) (4.31) 
1 
Foot = 5 Fmax COS (Bae + Wet + 120°) (4.32) 
and 
Fa = Fat Fa (4.33) 
1 
Fy = 5 Fmax COS (Bae — Wet) (4.34) 
1 
cl a 3 Pmax cos (ae + Wet — 120°) (4.35) 


The total mmf is the sum of the contributions from each of the three phases 
F (G2e; th= Fat + Foi + Fei (4.36) 


This summation can be performed quite easily in terms of the positive- and negative- 
traveling waves. The negative-traveling waves sum to zero 


Fr (G20, t) = Fay + Foi + Fai 


1 
= 3 Frmax [cos (@ae + Wet) + COS (Bae + Wet — 120°) 


+ cos (ae + Wet + 120°)] 
=0 (4.37) 
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while the positive-traveling waves reinforce 
Ft (xe, t) = Fi t+ Fi + Fay 
3 
= 5 Fmax COS (Axe — Wet) (4.38) 


Thus, the result of displacing the three windings by 120° in space phase and 
displacing the winding currents by 120° in time phase is a single positive-traveling 
mmf wave 


3 
FO) = 5 max COS (Bae — Wel) 


3 poles 
= 5 Fax cos (( 5 ) 6, — oxt) (4.39) 


The air-gap mmf wave described by Eq. 4.39 is a space-fundamental sinu- 
soidal function of the electrical space angle Oz. (and hence of the space angle #, = 
(2/poles)6,¢). It has a constant amplitude of (3/2) Fmax, i.e., 1.5 times the amplitude 
of the air-gap mmf wave produced by the individual phases alone. It has a positive 
peak at angle 6, = (2/poles)w,t. Thus, under balanced three-phase conditions, the 
three-phase winding produces an air-gap mmf wave which rotates at synchronous 
angular velocity ws 


2 
oO: = (==) We (4.40) 
poles 


where 


we = angular frequency of the applied electrical excitation [rad/sec] 
ws = synchronous spatial angular velocity of the air-gap mmf wave [rad/sec] 


The corresponding synchronous speed ng in r/min can be expressed in terms of 
the applied electrical frequency fe = we/(27) in Hz as 


ns = ( 20 ) fe r/min (4.41) 


poles 


In general, a rotating field of constant amplitude will be produced by a q-phase 
winding excited by balanced g-phase currents of frequency f. when the respective 
phase axes are located 277/q electrical radians apart in space. The amplitude of this 
flux wave will be q/2 times the maximum contribution of any one phase, and the 
synchronous angular velocity will remain w, = (sajes )@e radians per second. 

In this section, we have seen that a polyphase winding excited by balanced 
polyphase currents produces a rotating mmf wave. Production of a rotating mmf 
wave and the corresponding rotating magnetic flux is key to the operation of polyphase 
rotating electrical machinery. It is the interaction of this magnetic flux wave with that 
of the rotor which produces torque. Constant torque is produced when rotor-produced 
magnetic flux rotates in sychronism with that of the stator. 


4.5 Rotating MMF Waves in AC Machines 


4.5.3 Graphical Analysis of Polyphase MMF 


For balanced three-phase currents as given by Eqs. 4.23 to 4.25, the production of 
a rotating mmf can also be shown graphically. Consider the state of affairs at t = 0 
(Fig. 4.30), the moment when the phase-a current is at its maximum value /,,. The mmf 
of phase a then has its maximum value Finax, as shown by the vector F, = Fax drawn 
along the magnetic axis of phase a in the two-pole machine shown schematically in 
Fig. 4.31a. At this moment, currents i, and i, are both /,,/2 in the negative direction, 
as shown by the dots and crosses in Fig. 4.31a indicating the actual instantaneous di- 
rections. The corresponding mmf’s of phases b and c are shown by the vectors Fy, and 
F,, both of magnitude Fyyax/2 drawn in the negative direction along the magnetic axes 
of phases b and c, respectively. The resultant, obtained by adding the individual con- 
tributions of the three phases, is a vector of magnitude F = 3 Finax centered on the axis 
of phase a. It represents a sinusoidal space wave with its positive peak centered on the 
axis of phase a and having an amplitude 3 times that of the phase-a contribution alone. 

Ata later time wet = 2/3 (Fig. 4.30), the currents in phases a and b are a positive 
half maximum, and that in phase c is a negative maximum. The individual mmf 
components and their resultant are now shown in Fig. 4.3 1b. The resultant has the same 
amplitude as at t = 0, but it has now rotated counterclockwise 60 electrical degrees in 
space. Similarly, at wet = 27/3 (when the phase-b current is a positive maximum and 
the phase-a and phase-c currents are a negative half maximum) the same resultant mmf 
distribution is again obtained, but it has rotated counterclockwise 60 electrical degrees 
still farther and is now aligned with the magnetic axis of phase b (see Fig. 4.31c). As 
time passes, then, the resultant mmf wave retains its sinusoidal form and amplitude 
but rotates progressively around the air gap; the net result can be seen to be an mmf 
wave of constant amplitude rotating at a uniform angular velocity. 

In one cycle the resultant mmf must be back in the position of Fig. 4.31a. The 
mmf wave therefore makes one revolution per electrical cycle in a two-pole machine. 
In a multipole machine the mmf wave travels one pole-pair per electrical cycle and 
hence one revolution in poles/2 electrical cycles. 


Figure 4.31 The production of a rotating magnetic field by means of three-phase currents. 


207 


208 CHAPTER 4 Introduction to Rotating Machines 


Consider a three-phase stator excited with balanced, 60-Hz currents. Find the synchronous 
angular velocity in rad/sec and speed in r/min for stators with two, four, and six poles. 


@ Solution 
For a frequency of f, = 60 Hz, the electrical angular frequency is equal to 


O, = 2x f, = 1200 & 377 rad/sec 


Using Eqs. 4.40 and 4.41, the following table can be constructed: 


Poles n, (r/min) w, (rad/sec) 


2 3600 120 ~ 377 
4 1800 607 
6 1200 40z 


| Practice Problem 4.3 | Problem 4.3 


Repeat Example 4.3 for a three-phase stator excited by balanced 50-Hz currents. 


Solution 
Poles n, (r/min) w, (rad/sec) 
2 3000 1007 
4 1500 50x 
6 1000 100z /3 


4.6 GENERATED VOLTAGE 


The general nature of the induced voltage has already been discussed in Section 4.2. 
Quantitative expressions for the induced voltage will now be determined. 


4.6.1 AC Machines 


Anelementary ac machine is shown in cross section in Fig. 4.32. The coils on both the 
rotor and the stator have been shown as concentrated, multiple-turn, full-pitch coils. 
As we have seen, a machine with distributed windings can be represented in this form 
simply by multiplying the number of series turns in the winding by a winding factor. 
Under the assumption of a small air gap, the field winding can be assumed to produce 
radial space-fundamental air-gap flux of peak flux density By... Although Fig. 4.32 
shows a two-pole machine, the analysis presented here is for the general case of a 
multipole machine. As is derived in Example 4.2, if the air gap is uniform, Bpeak can 
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Figure 4.32 Cross-sectional view of an 
elementary three-phase ac machine. 


be found from 


4 kN 
Boeak = aaa ( : :) Ts 
mg \ poles 


where 
g = air-gap length 
N¢ = total series turns in the field winding 


ke = field-winding winding factor 
1; = field current 


Generated Voltage 


(4.42) 


When the rotor poles are in line with the magnetic axis of a stator phase, the flux 
linkage with a stator phase winding is ky Npn®,, where ®, is the air-gap flux per pole 


[Wb]. For the assumed sinusoidal air-gap flux-density 


1 
B = Boeak COS & s 


®, can be found as the integral of the flux density over the pole area 


+7: /poles 1 
o, =! iE Break COS (Pe) r dO, 


—z /poles 


2 
= ( poles ) 2 Boeaxlr 


(4.43) 


(4.44) 
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Here, 


0, = angle measured from the rotor magnetic axis 
r = radius to air gap 
1 = axial length of the stator/rotor iron 


As the rotor turns, the flux linkage varies cosinusoidally with the angle between 
the magnetic axes of the stator coil and rotor. With the rotor spinning at constant 
angular velocity @m, the flux linkage with the phase-a stator coil is 


1 
ha = kwNpn®p cos () ont 


= kyNoph®p COS Wmet (4.45) 


where time ¢ is arbitrarily chosen as zero when the peak of the flux-density wave 
coincides with the magnetic axis of phase a. Here, 


7 
acs (=) oe (4.46) 


is the mechanical rotor velocity expressed in electrical rad/sec. 
By Faraday’s law, the voltage induced in phase a is 


dha d® 
a, = AE. = kw Noa COS mel 
—OmekwNphPp Sin @met (4.47) 


The polarity of this induced voltage is such that if the stator coil were short- 
circuited, the induced voltage would cause a current to flow in the direction that 
would oppose any change in the flux linkage of the stator coil. Although Eq. 4.47 is 
derived on the assumption that only the field winding is producing air-gap flux, the 
equation applies equally well to the general situation where ®, is the net air-gap flux 
per pole produced by currents on both the rotor and the stator. 

The first term on the right-hand side of Eq. 4.47 is a transformer voltage and 
is present only when the amplitude of the air-gap flux wave changes with time. The 
second term is the speed voltage generated by the relative motion of the air-gap 
flux wave and the stator coil. In the normal steady-state operation of most rotating 
machines, the amplitude of the air-gap flux wave is constant; under these conditions 
the first term is zero and the generated voltage is simply the speed voltage. The term 
electromotive force (abbreviated emf) is often used for the speed voltage. Thus, for 
constant air-gap flux, 


€, = —WmekwNoph Pp SiN @mel (4.48) 


The so-called cutting-of-flux equation states that the voltage v induced in a wire of length / (in 
the frame of the wire) moving with respect to a constant magnetic field with flux density of 


4.6 Generated Voltage 


magnitude B is given by 
v=lv,B 


where v, is the component of the wire velocity perpendicular to the direction of the magnetic 
flux density. 

Consider the two-pole elementary three-phase machine of Fig. 4.32. Assume the rotor- 
produced air-gap flux density to be of the form 


Bag (4) one Break sin 6, 


and the rotor to rotate at constant angular velocity w,. (Note that since this is a two-pole machine, 
Wm = We). Show that if one assumes that the armature-winding coil sides are in the air gap and 
not in the slots, the voltage induced in a full-pitch, N-turn concentrated armature phase coil 
can be calculated from the cutting-of-flux equation and that it is identical to that calculated 
using Eq. 4.48. Let the average air-gap radius be r and the air-gap length be g (g <r). 


@ Solution 

We begin by noting that the cutting-of-flux equation requires that the conductor be moving 
and the magnetic field to be nontime varying. Thus in order to apply it to calculating the stator 
magnetic field, we must translate our reference frame to the rotor. 

In the rotor frame, the magnetic field is constant and the stator coil sides, when moved 
to the center of the air gap at radius r, appear to be moving with velocity @,.7 which is 
perpendicular to the radially-directed air-gap flux. If the rotor and phase-coil magnetic axes 
are assumed to be aligned at time t = 0, the location of a coil side as a function of time will be 
given by 6, = —w,,,t. The voltage induced in one side of one turn can therefore be calculated as 


€; = lv, Bag (O,) = l@meF Bycak SIN (—@met) 
There are N turns per coil and two sides per turn. Thus the total coil voltage is given by 
@ = 2Ne, = —2Nl@meF Bocak SIN Omet 
From Eq. 4.48, the voltage induced in the full-pitched, 2-pole stator coil is given by 
€ = —WmeN Py SIN Wet 
Substituting ®, = 2B,.adr from Eq. 4.44 gives 
€ = —WmeN (2 Bycal’) Sin Omet 


which is identical to the voltage determined using the cutting-of-flux equation. 


In the normal steady-state operation of ac machines, we are usually interested in 
the rms values of voltages and currents rather than their instantaneous values. From 
Eq. 4.48 the maximum value of the induced voltage is 


Emax = ®mekwNphPp = 270 fmekwNph Pp (4.49) 
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Its rms value is 


20 
Roos B fmekwNph®p = V2 1fmekw Noh Pp (4.50) 


where fme is the electrical speed of the rotor measured in Hz, which is also equal to the 
electrical frequency of the generated voltage. Note that these equations are identical 
in form to the corresponding emf equations for a transformer. Relative motion of a coil 
and a constant-amplitude spatial flux-density wave in a rotating machine produces 
voltage in the same fashion as does a time-varying flux in association with stationary 
coils in a transformer. Rotation introduces the element of time variation and transforms 
a space distribution of flux density into a time variation of voltage. 

The voltage induced in a single winding is a single-phase voltage. For the pro- 
duction of a set of balanced, three-phase voltages, it follows that three windings 
displaced 120 electrical degrees in space must be used, as shown in elementary form 
in Fig. 4.12. The machine of Fig. 4.12 is shown to be Y-connected and hence each 
winding voltage is a phase-neutral voltage. Thus, Eq. 4.50 gives the rms line-neutral 
voltage produced in this machine when Npp is the total series turns per phase. For a 
A-connected machine, the voltage winding voltage calculated from Eq. 4.50 would 
be the machine line-line voltage. 


A two-pole, three-phase, Y-connected 60-Hz round-rotor synchronous generator has a field 
winding with N; distributed turns and winding factor k;. The armature winding has N, turns 
per phase and winding factor k,. The air-gap length is g, and the mean air-gap radius is r. The 
armature-winding active length is /. The dimensions and winding data are 


N; = 68 series turns k; = 0.945 
N, = 18 series turns/phase k, = 0.933 
r=053m g=45cm 
1=38m 


The rotor is driven by a steam turbine at a speed of 3600 r/min. For a field current 
of J; = 720 A dc, compute (a) the peak fundamental mmf (Fig; )peax produced by the field 
winding, (6) the peak fundamental flux density (Bag;)peax in the air gap, (c) the fundamental 
flux per pole ®,, and (d) the rms value of the open-circuit voltage generated in the armature. 


@ Solution 
a. From Eq. 4.8 


4 kN, 4 (0.945 x 68 
Fema = 5 (HO) = 3 5 ) m2 


x \ poles Xu 


4 
= —(32.1)720 = 2.94 x 10* A - turns/pole 
n 


4.6 Generated Voltage 


b. Using Eq. 4.12, we get 
Ho(Fagt)peax 47 x 1077 x 2.94 x 104 
By = ee P= >. = 0.821 T 
eal g 4.5 x 102 


Because of the effect of the slots containing the armature winding, most of the air-gap flux 

is confined to the stator teeth. The flux density in the teeth at a pole center is higher than 

the value calculated in part (b), probably by a factor of about 2. In a detailed design this 

flux density must be calculated to determine whether the teeth are excessively saturated. 
c. From Eq. 4.44 


@, = 2( Bagi) pearl? = 2(0.821)(3.8)(0.53) = 3.31 Wb 
d. From Eq. 4.50 with fine = 60 Hz 
Evrms,tine—neutral = V2 1 fmekaNa®p = J/2 1(60)(0.933)(18)(3.31) 
14.8kV rms 


The line-line voltage is thus 


EE sms, tine—line = JA3 (14.8 kV) => 25.7 kV rms 
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The rotor of the machine of Example 4.5 is to be rewound. The new field winding will have a 
total of 76 series turns and a winding factor of 0.925. (a) Calculate the field current which will 
result in a peak air-gap flux density of 0.83 T. (6) Calculate the corresponding rms line-line 
open-circuit voltage which will result if this modified machine is operated at this value of field 
current and 3600 rpm. 


Solution 


a. I; = 696A 
b. EE cms,line—line = 26.0 kV rms 


4.6.2 DC Machines 


In a dc machine, although the ultimate objective is the generation of dc voltage, ac 
voltages are produced in the armature-winding coils as these coils rotate through the 
de flux distribution of the stationary field winding. The armature-winding alternat- 
ing voltage must therefore be rectified. Mechanical rectification is provided by the 
commutator as has been discussed in Section 4.2.2. 

Consider the single N-turn armature coil of the elementary, two-pole dc machine 
of Fig. 4.17. The simple two-segment commutator provides full-wave rectification of 
the coil voltage. Although the spatial distribution of the air-gap flux in dc machines 
is typically far from sinusoidal, we can approximate the magnitude of the generated 
voltage by assuming a sinusoidal distribution. As we have seen, such a flux distribution 
will produce a sinusoidal ac voltage in the armature coil. The rectification action of 
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0 54 2n wt 


Figure 4.33 Voltage between the 
brushes in the elementary dc machine 
of Fig. 4.17. 


the commutator will produce a dc voltage across the brushes as in Fig. 4.33. The 
average, or dc, value of this voltage can be found from taking the average of Eq. 4.48, 


1 f* 2 
E,=— i. WmeN Pp Sin (Wmet) d(@met) = —OmeN Pp (4.51) 
mT Jo ie 
For dc machines it is usually more convenient to express the voltage E, in terms 


of the mechanical speed w,, (rad/sec) or n (r/min). Substitution of Eq. 4.46 in Eq. 4.51 
for a multipole machine then yields 


_ [poles = na 
ee ( : ) N pm = poles N®, (=) (4.52) 


The single-coil dc winding implied here is, of course, unrealistic in the practi- 
cal sense, and it will be essential later to examine the action of commutators more 
carefully. Actually, Eq. 4.52 gives correct results for the more practical distributed 
ac armature windings as well, provided N is taken as the total number of turns in 
series between armature terminals. Usually the voltage is expressed in terms of the 
total number of active conductors C, and the number m of parallel paths through the 
armature winding. Because it takes two coil sides to make a turn and 1/m of these 
are connected in series, the number of series turns is Nz = C,/(2m). Substitution in 
Eq. 4.52 then gives 


poles C, poles C, 
b= —_ nS — : 
(= )(S) 0 ( 60 VG Opn (4.53) 


4.7 TORQUE IN NONSALIENT-POLE 
MACHINES 


The behavior of any electromagnetic device as a component in an electromechanical 
system can be described in terms of its electrical-terminal equations and its displace- 
ment and electromechanical torque. The purpose of this section is to derive the voltage 
and torque equations for an idealized elementary machine, results which can be read- 
ily extended later to more complex machines. We derive these equations from two 
viewpoints and show that basically they stem from the same ideas. 

The first viewpoint is essentially the same as that of Section 3.6. The machine will 
be regarded as a circuit element whose inductances depend on the angular position 
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of the rotor. The flux linkages 4 and magnetic field coenergy will be expressed in 
terms of the currents and inductances. The torque can then be found from the partial 
derivative of the energy or coenergy with respect to the rotor position and the terminal 
voltages from the sum of the resistance drops Ri and the Faraday-law voltages di /dt. 
The result will be a set of nonlinear differential equations describing the dynamic 
performance of the machine. 

The second viewpoint regards the machine as two groups of windings producing 
magnetic flux in the air gap, one group on the stator, and the other on the rotor. By 
making suitable assumptions regarding these fields (similar to those used to derive an- 
alytic expressions for the inductances), simple expressions can be derived for the flux 
linkages and the coenergy in the air gap in terms of the field quantities. The torque and 
generated voltage can then be found from these expressions. In this fashion, torque can 
be expressed explicitly as the tendency for two magnetic fields to align, in the same 
way that permanent magnets tend to align, and generated voltage can be expressed in 
terms of the relative motion between a field and a winding. These expressions lead to 
a simple physical picture of the normal steady-state behavior of rotating machines. 


4.7.1  Coupled-Circuit Viewpoint 


Consider the elementary smooth-air-gap machine of Fig. 4.34 with one winding on 
the stator and one on the rotor and with 6,, being the mechanical angle between the 
axes of the two windings. These windings are distributed over a number of slots so 
that their mmf waves can be approximated by space sinusoids. In Fig. 4.34a the coil 
sides s, —s and r, —r mark the positions of the centers of the belts of conductors 
comprising the distributed windings. An alternative way of drawing these windings is 
shown in Fig. 4.34b, which also shows reference directions for voltages and currents. 
Here it is assumed that current in the arrow direction produces a magnetic field in the 
air gap in the arrow direction, so that a single arrow defines reference directions for 
both current and flux. 
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Figure 4.34 Elementary two-pole machine with smooth air gap: (a) winding 
distribution and (b) schematic representation. 
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The stator and rotor are concentric cylinders, and slot openings are neglected. 
Consequently, our elementary model does not include the effects of salient poles, 
which are investigated in later chapters. We also assume that the reluctances of the 
stator and rotor iron are negligible. Finally, although Fig. 4.34 shows a two-pole 
machine, we will write the derivations that follow for the general case of a multipole 
machine, replacing 6, by the electrical rotor angle 


1 
Ae (= =) Bm (4.54) 


2 


Based upon these assumptions, the stator and rotor self-inductances L,, and Ly 
can be seen to be constant, but the stator-to-rotor mutual inductance depends on the 
electrical angle Om- between the magnetic axes of the stator and rotor windings. The 
mutual inductance is at its positive maximum when 6p. =0 or 27, is zero when 
Ome = +2/2, and is at its negative maximum when Ome = +7. On the assumption of 
sinusoidal mmf waves and a uniform air gap, the space distribution of the air-gap flux 
wave is sinusoidal, and the mutual inductance will be of the form 


L5(Ome) = Ls cos (Ome) (4.55) 


where the script letter £ denotes an inductance which is a function of the electrical 
angle One. The italic capital letter L denotes a constant value. Thus L,, is the magnitude 
of the mutual inductance; its value when the magnetic axes of the stator and rotor are 
aligned (Ome = 0). In terms of the inductances, the stator and rotor flux linkages 1, 
and A, are 


As = Legsis + Lsr(Ome)ir = Lggig + Ler COS (Ome dir (4.56) 
Ar = Lor (Ome)is + Lrrir = Lsp COS (Ome is + Lrrir (4.57) 
where the inductances can be calculated as in Appendix B. In matrix notation 
As L sg Lele) Ig 
= ; 4.58 
| Ar | has Ly ly ( ) 


The terminal voltages v, and v, are 


adi, 

Vs = R sls + de (4.59) 
., ah, 

Uv, = Ri, Th (4.60) 


where R, and R, are the resistances of the stator and rotor windings respectively. 
When the rotor is revolving, Ome must be treated as a variable. Differentiation of 
Eqs. 4.56 and 4.57 and substitution of the results in Eqs. 4.59 and 4.60 then give 


di, dg 
= Ri, + Lss— dt + Ls, cos One) 5" Lei; Sin (Ome) a (4.61) 
: di, Ome 
v, = Rip + Lo ae + Lg, cos One) Legis $in (Ome) =— dt (4.62) 
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where 


dé ] 
me baie (=) oy (4.63) 


is the instantaneous speed in electrical radians per second. In a two-pole machine (such 
as that of Fig. 4.34), One and Wme are equal to the instantaneous shaft angle 6,, and 
the shaft speed w, respectively. In a multipole machine, they are related by Eqs. 4.54 
and 4.46. The second and third terms on the right-hand sides of Eqs. 4.61 and 4.62 are 
L(di/dt) induced voltages like those induced in stationary coupled circuits such as 
the windings of transformers. The fourth terms are caused by mechanical motion and 
are proportional to the instantaneous speed. These are the speed voltage terms which 
correspond to the interchange of power between the electric and mechanical systems. 
The electromechanical torque can be found from the coenergy. From Eq. 3.70 


1 1 
Wia = 5 Essig + 5 bmi: + Leisit COS Ome 
1 1 les 
= x Losls + 5 Eni: + Lerisi; cos (5 ) an (4.64) 


Note that the coenergy of Eq. 4.64 has been expressed specifically in terms of the 
shaft angle 6,, because the torque expression of Eq. 3.68 requires that the torque be 
obtained from the derivative of the coenergy with respect to the spatial angle 6,, and 
not with respect to the electrical angle @y-. Thus, from Eq. 3.68 


a Waaliss iy, Om) 


oles , oles 
c= - =-(% ) Lassi (5 an) 
m ig,ty 
les 
ie (= ) Lezisiz Sit Ome (4.65) 


where T is the electromechanical torque acting to accelerate the rotor (i.e., a positive 
torque acts to increase 9,,). The negative sign in Eq. 4.65 means that the electrome- 
chanical torque acts in the direction to bring the magnetic fields of the stator and rotor 
into alignment. 

Equations 4.61, 4.62, and 4.65 are a set of three equations relating the electrical 
variables v,, is, Ur, i and the mechanical variables T and 6,,. These equations, together 
with the constraints imposed on the electrical variables by the networks connected to 
the terminals (sources or loads and external impedances) and the constraints imposed 
on the rotor (applied torques and inertial, frictional, and spring torques), determine the 
performance of the device and its characteristics as a conversion device between the 
external electrical and mechanical systems. These are nonlinear differential equations 
and are difficult to solve except under special circumstances. We are not specifically 
concerned with their solution here; rather we are using them merely as steps in the 
development of the theory of rotating machines. 
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EXAMPLE 4.6 


Consider the elementary two-pole, two-winding machine of Fig. 4.34. Its shaft is coupled to a 
mechanical device which can be made to absorb or deliver mechanical torque over a wide range 
of speeds. This machine can be connected and operated in several ways. For this example, let 
us consider the situation in which the rotor winding is excited with direct current /, and the 
stator winding is connected to an ac source which can either absorb or deliver electric power. 
Let the stator current be 


i, = [, COS Wet 


where ¢ = O is arbitrarily chosen as the moment when the stator current has its peak value. 


a. 


b. 


Derive an expression for the magnetic torque developed by the machine as the speed is 
varied by control of the mechanical device connected to its shaft. 
Find the speed at which average torque will be produced if the stator frequency is 60 Hz. 


c. With the assumed current-source excitations, what voltages are induced in the stator and 


rotor windings at synchronous speed (wm, = we)? 


BH Solution 


a. 


From Eq. 4.65 for a two-pole machine 
T = —Lyi,i, Sin On 
For the conditions of this problem, with 6, = w,f + 6 
T = —L,,. 1,1, cos wet sin (wnt + 4) 


where w,, is the clockwise angular velocity impressed on the rotor by the mechanical 
drive and 6 is the angular position of the rotor at t = 0. Using a trigonometric identity,” we 
have 


] 
T= — 35 Ewkst{sin ((@m + @.)t + 6] + sin [(w, — @,)t + 6]} 


The torque consists of two sinusoidally time-varying terms of frequencies @, + w- 
and @, — @,. AS shown in Section 4.5, ac current applied to the two-pole, single-phase 
stator winding in the machine of Fig. 4.34 creates two flux waves, one traveling in the 
positive 6,, direction with angular velocity w, and the second traveling in the negative 6,, 
direction also with angular velocity w,. It is the interaction of the rotor with these two 
flux waves which results in the two components of the torque expression. 

Except when w,, = +w,, the torque averaged over a sufficiently long time is zero. But if 
@m = We, the rotor is traveling in synchronism with the positive-traveling stator flux wave, 
and the torque becomes 


1 
T= — 3 bel kfsin (2w,t + 5) + sin 6] 


2 sina cos B = 3 {sin (a + B) + sin (a — B)]J 
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The first sine term is a double-frequency component whose average value is zero. The 
second term is the average torque 


1 
Tag = — 5 Ly f.f, sind 


A nonzero average torque will also be produced when w,, = —w, which merely means 
rotation in the counterclockwise direction; the rotor is now traveling in synchronism with 
the negative-traveling stator flux wave. The negative sign in the expression for T,,,. means 
that a positive value of T,,, acts to reduce 6. 

This machine is an idealized single-phase synchronous machine. With a stator 
frequency of 60 Hz, it will produce nonzero average torque for speeds of tw, = @ = 
2260 rad/sec, corresponding to speeds of +3600 r/min as can be seen from Eq. 4.41. 

c. From the second and fourth terms of Eq. 4.61 (with 6, = 0, = ®t + 4), the voltage 
induced in the stator when w, = @, is 


és = —, Lyf, sin ®t — OL, 1, Sin (wet + 8) 
From the third and fourth terms of Eq. 4.62, the voltage induced in the rotor is 


€, = —WoLg1,[sin wt cos (®t + 5) + cosa, sin (wt + 5)] 


= —w,L,,/, sin (2m.t + 4) 


The backwards-rotating component of the stator flux induces a double-frequency voltage 
in the rotor, while the forward-rotating component, which is rotating in sychronism with 
the rotor, appears as a dc flux to the rotor, and hence induces no voltage in the rotor 
winding. 


Now consider a uniform-air-gap machine with several stator and rotor windings. 
The same general principles that apply to the elementary model of Fig. 4.34 also 
apply to the multiwinding machine. Each winding has its own self-inductance as 
well as mutual inductances with other windings. The self-inductances and mutual 
inductances between pairs of windings on the same side of the air gap are constant 
on the assumption of a uniform gap and negligible magnetic saturation. However, 
the mutual inductances between pairs of stator and rotor windings vary as the cosine 
of the angle between their magnetic axes. Torque results from the tendency of the 
magnetic field of the rotor windings to line up with that of the stator windings. It can 
be expressed as the sum of terms like that of Eq. 4.65. 


EXAMPLE 4.7 | 


Consider a 4-pole, three-phase synchronous machine with a uniform air gap. Assume the 
armature-winding self- and mutual inductances to be constant 


La a Lop =. Lic 
Lap = Lye = Lea 
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Similarly, assume the field-winding self-inductance L; to be constant while the mutual 
inductances between the field winding and the three armature phase windings will vary with 
the angle 6,, between the magnetic axis of the field winding and that of phase a 


Lap = La COS 26, 
Lop = Laz cos (20, — 120°) 
Lo = Ly cos (26, + 120°) 
Show that when the field is excited with constant current /; and the armature is excited by 
balanced-three-phase currents of the form 
i, = I, cos (@,t + 4) 
i, = I, cos (wt — 120° + 8) 
i, = 1, 0S (wet + 120° + 4) 
the torque will be constant when the rotor travels at synchronous speed w, as given by Eq. 4.40. 


@ Solution 

The torque can be calculated from the coenergy as described in Section 3.6. This particular 
machine is a four-winding system and the coenergy will consist of four terms involving 1/2 
the self-inductance multiplied by the square of the corresponding winding current as well as 
product-terms consisting of the mutual inductances between pairs of windings multiplied by the 
corresponding winding currents. Noting that only the terms involving the mutual inductances 
between the field winding and the three armature phase windings will contain terms that vary 
with 6,,, we can write the coenergy in the form 


Waa iar ib, ig, is, 6m) = (constant terms) + Lariais + Loetpis + Leorigts 


= (constant terms) + Larl, 1; [cos 20,, cos (Wet + 8) 
+ cos (26, — 120°) cos (wt — 120° + 6) 
+ cos (20, + 120°) cos (wt + 120° + 8)] 


3 
= (constant terms) + 5 halal cos (26,, — wt — 8) 
The torque can now be found from the partial derivative of W,;, with respect to 6,, 


aWaa 
BO mn 
—3Lal, Al; sin (26.n — at — 6) 


fgsipicsif 


From this expression, we see that the torque will be constant when the rotor rotates at syn- 
chronous velocity w, such that 


in which case the torque will be equal to 


T= 3Latlals sind 
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Note that unlike the case of the single-phase machine of Example 4.6, the torque for this 
three-phase machine operating at synchronous velocity under balanced-three-phase conditions 
is constant. As we have seen, this is due to the fact that the stator mmf wave consists of a 
single rotating flux wave, as opposed to the single-phase case in which the stator phase current 
produces both a forward- and a backward-rotating flux wave. This backwards flux wave is not 
in synchronism with the rotor and hence is responsible for the double-frequency time-varying 
torque component seen in Example 4.6. 


| Practice Problem 4.5 | Problem 4.5 


For the four-pole machine of Example 4.7, find the synchronous speed at which a constant 
torque will be produced if the rotor currents are of the form 


i, = I,cos (w,t + 8) 

ip = I, cos (@,t + 120° + 8) 

i, = I, cos (@t — 120° + 8) 
Solution 


Qo, = —(@,/2) 


In Example 4.7 we found that, under balanced conditions, a four-pole syn- 
chronous machine will produce constant torque at a rotational angular velocity equal to 
half of the electrical excitation frequency. This result can be generalized to show that, 
under balanced operating conditions, a multiphase, multipole synchronous machine 
will produce constant torque at a rotor speed, at which the rotor rotates in synchronism 
with the rotating flux wave produced by the stator currents. Hence, this is known as 
the synchronous speed of the machine. From Eqs. 4.40 and 4.41, the synchronous 
speed is equal to w, = (2/poles)@, in rad/sec or n, = (120/poles) f, in r/min. 


4.7.2 Magnetic Field Viewpoint 


In the discussion of Section 4.7.1 the characteristics of a rotating machine as viewed 
from its electric and mechanical terminals have been expressed in terms of its winding 
inductances. This viewpoint gives little insight into the physical phenomena which 
occur within the machine. In this section, we will explore an alternative formulation 
in terms of the interacting magnetic fields. 

As we have seen, currents in the machine windings create magnetic flux in the 
air gap between the stator and rotor, the flux paths being completed through the stator 
and rotor iron. This condition corresponds to the appearance of magnetic poles on 
both the stator and the rotor, centered on their respective magnetic axes, as shown 
in Fig. 4.35a for a two-pole machine with a smooth air gap. Torque is produced by 
the tendency of the two component magnetic fields to line up their magnetic axes. A 
useful physical picture is that this is quite similar to the situation of two bar magnets 
pivoted at their centers on the same shaft; there will be a torque, proportional to the 
angular displacement of the bar magnets, which will act to align them. In the machine 
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Figure 4.35 Simplified two-pole machine: (a) elementary model and 

(b) vector diagram of mmf waves. Torque is produced by the tendency of the 
rotor and stator magnetic fields to align. Note that these figures are drawn with 
dsr POSitive, i.e., with the rotor mmf wave F, leading that of the stator Fs. 


of Fig. 4.35a, the resulting torque is proportional to the product of the amplitudes of 
the stator and rotor mmf waves and is also a function of the angle 5,, measured from 
the axis of the stator mmf wave to that of the rotor. In fact, we will show that, for a 
smooth-air-gap machine, the torque is proportional to sin 3... 

In a typical machine, most of the flux produced by the stator and rotor windings 
crosses the air gap and links both windings; this is termed the mutual flux, directly 
analogous to the mutual or magnetizing flux in a transformer. However, some of the 
flux produced by the rotor and stator windings does not cross the air gap; this is 
analogous to the leakage flux in a transformer. These flux components are referred 
to as the rotor leakage flux and the stator leakage flux. Components of this leakage 
flux include slot and toothtip leakage, end-turn leakage, and space harmonics in the 
air-gap field. 

Only the mutual flux is of direct concern in torque production. The leakage 
fluxes do affect machine performance however, by virtue of the voltages they induce 
in their respective windings. Their effect on the electrical characteristics is accounted 
for by means of leakage inductances, analogous to the use of inclusion of leakage 
inductances in the transformer models of Chapter 2. 

When expressing torque in terms of the winding currents or their resultant mmf’s, 
the resulting expressions do not include terms containing the leakage inductances. 
Our analysis here, then, will be in terms of the resultant mutual flux. We shall derive 
an expression for the magnetic coenergy stored in the air gap in terms of the stator 
and rotor mmfs and the angle 6,, between their magnetic axes. The torque can then 
be found from the partial derivative of the coenergy with respect to angle d,,. 

For analytical simplicity, we will assume that the radial length g of the air gap 
(the radial clearance between the rotor and stator) is small compared with the radius 
of the rotor or stator. For a smooth-air-gap machine constructed from electrical steel 
with high magnetic permeability, it is possible to show that this will result in air-gap 
flux which is primarily radially directed and that there is relatively little difference 
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between the flux density at the rotor surface, at the stator surface, or at any intermediate 
radial distance in the air gap. The air-gap field then can be represented as a radial 
field Hag or Bag whose intensity varies with the angle around the periphery. The line 
integral of Hag across the gap then is simply Hagg and equals the resultant air-gap 
mmf F, produced by the stator and rotor windings; thus 


Hagg = Fey (4.66) 


where the script F denotes the mmf wave as a function of the angle around the 
periphery. 

The mmf waves of the stator and rotor are spatial sine waves with 4,, being the 
phase angle between their magnetic axes in electrical degrees. They can be represented 
by the space vectors F, and F, drawn along the magnetic axes of the stator- and rotor- 
mmf waves respectively, as in Fig. 4.35b. The resultant mmf F,, acting across the air 
gap, also a sine wave, is their vector sum. From the trigonometric formula for the 
diagonal of a parallelogram, its peak value is found from 


F2 = F? + F? 4 2F,F, cos 3g (4.67) 


in which the F’s are the peak values of the mmf waves. The resultant radial Hg, field 
is a Sinusoidal space wave whose peak value Hag peak is, from Eq. 4.66, 


F, 
(Hag) peak — ms (4.68) 


Now consider the magnetic field coenergy stored in the air gap. From Eq. 3.49, 
the coenergy density at a point where the magnetic field intensity is H is (uo/2)H? in 
SI units. Thus, the coenergy density averaged over the volume of the air gap is 49/2 
times the average value of Ae The average value of the square of a sine wave is half 
its peak value. Hence, 


Ko (ioe Ho [ Fer 7 
Average coenergy density = a —— = (=) (4.69) 
& 


The total coenergy is then found as 


Waa = (average coenergy density)(volume of air gap) 


2 
ee (=) Be eg elena (4.70) 
4 g 4g sr 
where / is the axial length of the air gap and D is its average diameter. 

From Eq. 4.67 the coenergy stored in the air gap can now be expressed in terms 
of the peak amplitudes of the stator- and rotor-mmf waves and the space-phase angle 
between them; thus 


DI 
Wia = ae (F2 + F? + 2F, F, cos Ss) (4.71) 


Recognizing that holding mmf constant is equivalent to holding current constant, 
an expression for the electromechanical torque T can now be obtained in terms of the 
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interacting magnetic fields by taking the partial derivative of the field coenergy with 
respect to angle. For a two-pole machine 

_ OWraa 
Sse 


T 


DI 
--(4 lad ) FF, sin 5g, (4.72) 
F,, F, 2g 


The general expression for the torque for a multipole machine is 


T=- (=) (= =) F,F, sin 35, (4.73) 
2 2g 


In this equation, 4,, is the electrical space-phase angle between the rotor and stator 
mmf waves and the torque T acts in the direction to accelerate the rotor. Thus when 
dsr iS positive, the torque is negative and the machine is operating as a generator. 
Similarly, a negative value of 5,, corresponds to positive torque and, correspondingly, 
motor action. 

This important equation states that the torque is proportional to the peak values of 
the stator- and rotor-mmf waves F, and F, and to the sine of the electrical space-phase 
angle 5,, between them. The minus sign means that the fields tend to align themselves. 
Equal and opposite torques are exerted on the stator and rotor. The torque on the stator 
is transmitted through the frame of the machine to the foundation. 

One can now compare the results of Eq. 4.73 with that of Eq. 4.65. Recognizing 
that F, is proportional to i, and F, is proportional to 7,, one sees that they are similar in 
form. In fact, they must be equal, as can be verified by substitution of the appropriate 
expressions for F,, F, (Section 4.3.1), and L,, (Appendix B). Note that these results 
have been derived with the assumption that the iron reluctance is negligible. However, 
the two techniques are equally valid for finite iron permeability. 

On referring to Fig. 4.35b, it can be seen that F, sin 5,, is the component of the F, 
wave in electrical space quadrature with the F, wave. Similarly F, sin d,, is the com- 
ponent of the F, wave in quadrature with the F, wave. Thus, the torque is proportional 
to the product of one magnetic field and the component of the other in quadrature 
with it, much like the cross product of vector analysis. Also note that in Fig. 4.35b 


F, sind, = Fe, sin 6, (4.74) 
and 
F.sin ds, = Fe, sin ds (4.75) 


where, as seen in Fig. 4.35, 5, is the angle measured from the axis of the resultant 
mmf wave to the axis of the rotor mmf wave. Similarly, 5, is the angle measured from 
the axis of the stator mmf wave to the axis of the resultant mmf wave. 

The torque, acting to accelerate the rotor, can then be expressed in terms of the 
resultant mmf wave F;, by substitution of either Eq. 4.74 or Eq. 4.75 in Eq. 4.73; thus 


| D 
FI sie as Sn a Co (4.76) 
2 22 


| DI 
T= -(® =) (= ) F. Fy sin}, (4.77) 
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Comparison of Eqs. 4.73, 4.76, and 4.77 shows that the torque can be expressed in 
terms of the component magnetic fields due to each current acting alone, as in Eq. 4.73, 
or in terms of the resultant field and either of the components, as in Eqs. 4.76 and 
4.71, provided that we use the corresponding angle between the axes of the fields. 
Ability to reason in any of these terms is a convenience in machine analysis. 

In Eqs. 4.73, 4.76, and 4.77, the fields have been expressed in terms of the peak 
values of their mmf waves. When magnetic saturation is neglected, the fields can, 
of course, be expressed in terms of the peak values of their flux-density waves or in 
terms of total flux per pole. Thus the peak value Bag of the field due to a sinusoidally 
distributed mmf wave in a uniform-air-gap machine is (0 Fag peak/g, Where Fag peak 
is the peak value of the mmf wave. For example, the resultant mmf F,, produces a 
resultant flux-density wave whose peak value is Bs, = 9 Fs,/g. Thus, Fy, = g Bs /{Lo 
and substitution in Eq. 4.77 gives 


| DI 
ee (® =) (==) B,.F, sin 3, (4.78) 


2 2 


One of the inherent limitations in the design of electromagnetic apparatus is the 
saturation flux density of magnetic materials. Because of saturation in the armature 
teeth the peak value B,, of the resultant flux-density wave in the air gap is limited 
to about 1.5 to 2.0 T. The maximum permissible value of the winding current, and 
hence the corresponding mmf wave, is limited by the temperature rise of the winding 
and other design requirements. Because the resultant flux density and mmf appear 
explicitly in Eq. 4.78, this equation is in a convenient form for design purposes and 
can be used to estimate the maximum torque which can be obtained from a machine 
of a given size. 


| EXAMPLE 4.8 | 4.8 


An 1800-r/min, four-pole, 60-Hz synchronous motor has an air-gap length of 1.2 mm. The 
average diameter of the air-gap is 27 cm, and its axial length is 32 cm. The rotor winding has 
786 turns and a winding factor of 0.976. Assuming that thermal considerations limit the rotor 
current to 18 A, estimate the maximum torque and power output one can expect to obtain from 


this machine. 


Solution 
First, we can determine the maximum rotor mmf from Eq. 4.8 


4/ K.N, 4 .976 x 786 
(Fy) max =e. ( ) (1) max => (en) 18 = 4395A 
z \ poles X 4 


Assuming that the peak value of the resultant air-gap flux is limited to 1.5 T, we can estimate the 
maximum torque from Eq. 4.78 by setting 6, equal to —7/2 (recognizing that negative values 
of 6,, with the rotor mmf lagging the resultant mmf, correspond to positive, motoring torque) 


poles xDi 
Trax = —— } Ba CF) max 


4 27 x. 0.32 
- (5) (=a0rxe) 1.5 x 4400 = 1790 N-m 
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For a synchronous speed of 1800 r/min, @, = n, (7/30) = 1800 (27/30) = 60x rad/sec, 
and thus the corresponding power can be calculated as Prax = @mTimax = 337 kW. 


| Practice Problem 4.6 | Problem 4.6 


Repeat Example 4.8 for a two-pole, 60-Hz synchronous motor with an air-gap length of 1.3 mm, 
an average air-gap diameter of 22 cm and an axial length of 41 cm. The rotor winding has a 
900 turns and a winding factor of 0.965. The maximum rotor current is 22 A. 


Solution 
Tmax = 2585 N-m and Pnax = 975 kW 


Alternative forms of the torque equation arise when it is recognized that the 
resultant flux per pole is 
®, = (average value of B over a pole)(pole area) (4.79) 


and that the average value of a sinusoid over one-half wavelength is 2/7 times its 


peak value. Thus 
2 xDI 2D1 
®,=—B —— | =| —— |B 4.80 

aa ie ( poles ) ( poles ) a ee) 


where Bpeak 1s the peak value of the corresponding flux-density wave. For example, 
using the peak value of the resultant flux B,, and substitution of Eq. 4.80 into Eq. 4.78 
gives 


l 2 
T= -5 (=) ®,, F, sind, (4.81) 


where ®,, is the resultant flux per pole produced by the combined effect of the stator 
and rotor mmf’s. 

To recapitulate, we now have several forms in which the torque of a uniform- 
air-gap machine can be expressed in terms of its magnetic fields. All are merely 
statements that the torque is proportional to the product of the magnitudes of the 
interacting fields and to the sine of the electrical space angle between their magnetic 
axes. The negative sign indicates that the electromechanical torque acts in a direction 
to decrease the displacement angle between the fields. In our preliminary discussion 
of machine types, Eq. 4.81 will be the preferred form. 

One further remark can be made concerning the torque equations and the thought 
process leading to them. There was no restriction in the derivation that the mmf wave 
or flux-density wave remain stationary in space. They may remain stationary, or they 
may be traveling waves, as discussed in Section 4.5. As we have seen, if the magnetic 
fields of the stator and rotor are constant in amplitude and travel around the air gap 
at the same speed, a steady torque will be produced by the tendency of the stator and 
rotor fields to align themselves in accordance with the torque equations. 


4.8 Linear Machines 


4.8 LINEAR MACHINES 


In general, each of the machine types discussed in this book can be produced in linear 
versions in addition to the rotary versions which are commonly found and which are 
discussed extensively in the following chapters. In fact, for clarity of discussion, many 
of the machine types discussed in this book are drawn in their developed (Cartesian 
coordinate) form, such as in Fig. 4.19b. 

Perhaps the most widely known use of linear motors is in the transportation 
field. In these applications, linear induction motors are used, typically with the ac 
“stator” on the moving vehicle and with a conducting stationary “rotor” constituting 
the rails. In these systems, in addition to providing propulsion, the induced currents in 
the rail may be used to provide levitation, thus offering a mechanism for high-speed 
transportation without the difficulties associated with wheel-rail interactions on more 
conventional rail transport. 

Linear motors have also found application in the machine tool industry and 
in robotics where linear motion (required for positioning and in the operation of 
manipulators) is a common requirement. In addition, reciprocating linear machines 
are being constructed for driving reciprocating compressors and alternators. 

The analysis of linear machines is quite similar to that of rotary machines. In 
general, linear dimensions and displacements replace angular ones, and forces replace 
torques. With these exceptions, the expressions for machine parameters are derived 
in an analogous fashion to those presented here for rotary machines, and the results 
are similar in form. 

Consider the lmear winding shown in Fig. 4.36. This winding, consisting of N 
turns per slot and carrying a current i, is directly analogous to the rotary winding 
shown in developed form in Fig. 4.25. In fact, the only difference is that the angular 
position 6, is replaced by the linear position z. 

The fundamental component of the mmf wave of Fig. 4.36 can be found directly 
from Eq. 4.13 simply by recognizing that this winding has a wavelength equal to 8 
and that the fundamental component of this mmf wave varies as cos (27 z/ 6). Thus 
replacing the angle 9, in Eq. 4.13 by 27 z/, we can find the fundamental component 
of the mmf wave directly as 


4 (Ni D 
Hag = — (+) cos (=) (4.82) 


If an actual machine has a distributed winding (similar to its rotary counterpart, 
shown in Fig. 4.20) consisting of a total of Np, turns distributed over p periods in z 
(i.e., over a length of pf), the fundamental component of Hyg can be found by analogy 


with Eq. 4.15 
4 (ky Noni 2 

eae ( : 2) cos (=) (4.83) 
m \ 2pg B 


where ky, is the winding factor. 
In a fashion analogous to the discussion of Section 4.5.2, a three-phase linear 
winding can be made from three windings such as those of Fig. 4.31, with each phase 
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Fundamental F, 


bye Fundamental Hy,; 


Fundamental F 5; 


(b) 


Figure 4.36 The mmf and H field of a concentrated full-pitch 
linear winding. 


displaced in position by a distance 6/3 and with each phase excited by balanced 
three-phase currents of angular frequency we 


ig = Im COS Wet (4.84) 
ip = Im Cos (Wet — 120°) (4.85) 
ig = Im cos (wet + 120°) (4.86) 


Following the development of Eqs. 4.26 through 4.38, we can see that there will 
be a single positive-traveling mmf which can be written directly from Eq. 4.38 simply 
by replacing 6, by 27 z/B as 


Fran)= = Fa cos (= z oxt) (4.87) 


where Fimax iS given by 


4 (kN, 
| ee Ga i (4.88) 
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From Eq. 4.87 we see that the result is an mmf which travels in the z direction 
with a linear velocity 


v= = feB (4.89) 


where f, is the exciting frequency in hertz. 


| EXAMPLE 4.9 | 4.9 


A three-phase linear ac motor has a winding with a wavelength of 6 = 0.5 m and an air gap of 
1.0cm in length. A total of 45 turns, with a winding factor ky, = 0.92, are distributed over a total 
winding length of 38 = 1.5 m. Assume the windings to be excited with balanced three-phase 
currents of peak amplitude 700 A and frequency 25 Hz. Calculate (a) the amplitude of the 
resultant mmf wave, (b) the corresponding peak air-gap flux density, and (c) the velocity of 
this traveling mmf wave. 


B Solution 
a. From Eqs. 4.87 and 4.88, the amplitude of the resultant mmf wave is 


(Se ) is 
2p 


0.92 x 45 
——— | 700 
( 2x3 ) 


= 8.81 x 10° A/m 


Freak = 


N] Ww No] & 
a[R ATA 


b. The peak air-gap flux density can be found from the result of part (a) by dividing by the 
air-gap length and multiplying by jo: 


Ho Freak 
Bocak = P 
_ (4m x 1077)(8.81 x 10°) 
= 0.01 
= 1.11T 


c. Finally, the velocity of the traveling wave can be determined from Eq. 4.89: 


v= f.B = 25x 0.5 = 12.5 m/s 


| Practice Problem 4.7 | Problem 4.7 


A three-phase linear synchronous motor has a wavelength of 0.93 m. It is observed to be 
traveling at speed of 83 km/hr. Calculate the frequency of the electrical excitation required 
under this operating condition. 
Solution 

f = 24.8Hz 
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Linear machines are not discussed specifically in this book. Rather, the reader is 
urged to recognize that the fundamentals of their performance and analysis correspond 
directly to those of their rotary counterparts. One major difference between these two 
machine types is that linear machines have end effects, corresponding to the magnetic 
fields which “leak” out of the air gap ahead of and behind the machine. These effects 
are beyond the scope of this book and have been treated in detail in the published 
literature.? 


4.9 MAGNETIC SATURATION 


The characteristics of electric machines depend heavily upon the use of magnetic 
materials. These materials are required to form the magnetic circuit and are used by 
the machine designer to obtain specific machine characteristics. As we have seen in 
Chapter 1, magnetic materials are less than ideal. As their magnetic flux is increased, 
they begin to saturate, with the result that their magnetic permeabilities begin to 
decrease, along with their effectiveness in contributing to the overall flux density in 
the machine. 

Both electromechanical torque and generated voltage in all machines depend on 
the winding flux linkages. For specific mmf’s in the windings, the fluxes depend on the 
reluctances of the iron portions of the magnetic circuits and on those of the air gaps. 
Saturation may therefore appreciably influence the characteristics of the machines. 

Another aspect of saturation, more subtle and more difficult to evaluate without 
experimental and theoretical comparisons, concerns its influence on the basic premises 
from which the analytic approach to machinery is developed. Specifically, relations 
for the air-gap mmf are typically based on the assumption of negligible reluctance in 
the iron. When these relations are applied to practical machines with varying degrees 
of saturation in the iron, significant errors in the analytical results can be expected. To 
improve these analytical relationships, the actual machine can be replaced for these 
considerations by an equivalent machine, one whose iron has negligible reluctance 
but whose air-gap length is increased by an amount sufficient to absorb the magnetic- 
potential drop in the iron of the actual machine. 

Similarly, the effects of air-gap nonuniformities such as slots and ventilating 
ducts are also incorporated by increasing the effective air-gap length. Ultimately, 
these various approximate techniques must be verified and confirmed experimentally. 
In cases where such simple techniques are found to be inadequate, detailed analyses, 
such as those employing finite-element or other numerical techniques, can be used. 
However, it must be recognized that the use of these techniques represents a significant 
increase in modeling complexity. 

Saturation characteristics of rotating machines are typically presented in the 
form of an open-circuit characteristic, also called a magnetization curve or saturation 


3 See, for example, S. Yamamura, Theory of Linear Induction Motors, 2d ed., Halsted Press, 1978. Also, 


S. Nasar and I. Boldea, Linear Electric Motors: Theory, Design and Practical Applications, 
Prentice-Hall, 1987. 
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Field excitation in ampere-turns 


or in field amperes 


Figure 4.37 Typical open-circuit 
characteristic and air-gap line. 


curve. An example is shown in Fig. 4.37. This characteristic represents the magnetiza- 
tion curve for the particular iron and air geometry of the machine under consideration. 
For a synchronous machine, the open-circuit saturation curve is obtained by operating 
the machine at constant speed and measuring the open-circuit armature voltage as a 
function of the field current. The straight line tangent to the lower portion of the curve 
is the air-gap line, corresponding to low levels of flux within the machine. Under 
these conditions the reluctance of the machine iron is typically negligible, and the 
mmf required to excite the machine is simply that required to overcome the reluc- 
tance of the air gap. If it were not for the effects of saturation, the air-gap line and 
open-circuit characteristic would coincide. Thus, the departure of the curve from the 
air-gap line is an indication of the degree of saturation present. In typical machines 
the ratio at rated voltage of the total mmf to that required by the air gap alone usually 
is between 1.1 and 1.25. 

At the design stage, the open-circuit characteristic can be calculated from design 
data techniques such as finite-element analyses. A typical finite-element solution for 
the flux distribution around the pole of a salient-pole machine is shown in Fig. 4.38. 
The distribution of the air-gap flux found from this solution, together with the funda- 
mental and third-harmonic components, is shown in Fig. 4.39. 

In addition to saturation effects, Fig. 4.39 clearly illustrates the effect of a nonuni- 
form air gap. As expected, the flux density over the pole face, where the air gap is 
small, is much higher than that away from the pole. This type of detailed analysis is 
of great use to a designer in obtaining specific machine properties. 

As we have seen, the magnetization curve for an existing synchronous machine 
can be determined by operating the machine as an unloaded generator and measuring 
the values of terminal voltage corresponding to a series of values of field current. 
For an induction motor, the machine is operated at or close to synchronous speed (in 
which case very little current will be induced in the rotor windings), and values of the 
magnetizing current are obtained for a series of values of impressed stator voltage. 
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Figure 4.38 Finite-element solution for the flux distribution around a 
salient pole. (General Electric Company.) 
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Figure 4.39 Flux-density wave corresponding to 
Fig. 4.38 with its fundamental and third-harmonic 
components. 


4.10 Leakage Fluxes 


It should be emphasized, however, that saturation in a fully loaded machine occurs 
as a result of the total mmf acting on the magnetic circuit. Since the flux distribution 
under load generally differs from that of no-load conditions, the details of the machine 
saturation characteristics may vary from the open-circuit curve of Fig. 4.37. 


4.10 LEAKAGE FLUXES 


In Section 2.4 we showed that in a two-winding transformer the flux created by 
each winding can be separated into two components. One component consists of flux 
which links both windings, and the other consists of flux which links only the winding 
creating the flux. The first component, called mutual flux, is responsible for coupling 
between the two coils. The second, known as leakage flux, contributes only to the 
self-inductance of each coil. 

Note that the concept of mutual and leakage flux is meaningful only in the context 
of a multiwinding system. For systems of three or more windings, the bookkeeping 
must be done very carefully. Consider, for example, the three-winding system of 
Fig. 4.40. Shown schematically are the various components of flux created by a 
current in winding 1. Here ¢123 is clearly mutual flux that links all three windings, 
and ¢; is clearly leakage flux since it links only winding 1. However, g)2 is mutual 
flux with respect to winding 2 yet is leakage flux with respect to winding 3, while 93 
mutual flux with respect to winding 3 and leakage flux with respect to winding 2. 

Electric machinery often contains systems of multiple windings, requiring careful 
bookkeeping to account for the flux contributions of the various windings. Although 
the details of such analysis are beyond the scope of this book, it is useful to discuss 
these effects in a qualitative fashion and to describe how they affect the basic machine 
inductances. 


Air-Gap Space-Harmonic Fluxes In this chapter we have seen that although sin- 
gle distributed coils create air-gap flux with a significant amount of space-harmonic 


+ 
Ay Coil 2 


Figure 4.40 Three-coil system showing 
components of mutual and leakage flux produced by 
current in coil 1. 
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content, it is possible to distribute these windings so that the space-fundamental com- 
ponent is emphasized while the harmonic effects are greatly reduced. As a result, we 
can neglect harmonic effects and consider only space-fundamental fluxes in calculat- 
ing the self and mutual-inductance expressions of Eqs. B.26 and B.27. 

Though often small, the space-harmonic components of air-gap flux do exist. In 
dc machines they are useful torque-producing fluxes and therefore can be counted as 
mutual flux between the rotor and stator windings. In ac machines, however, they may 
generate time-harmonic voltages or asynchronously rotating flux waves. These effects 
generally cannot be rigorously accounted for in most standard analyses. Nevertheless, 
it is consistent with the assumptions basic to these analyses to recognize that these 
fluxes form a part of the leakage flux of the individual windings which produce 
them. 


Slot-Leakage Flux Figure 4.41 shows the flux created by a single coil side in a slot. 
Notice that in addition to flux which crosses the air gap, contributing to the air-gap 
flux, there are flux components which cross the slot. Since this flux links only the 
coil that is producing it, it also forms a component of the leakage inductance of the 
winding producing it. 


End-Turn Fluxes Figure 4.42 shows the stator end windings on an ac machine. 
The magnetic field distribution created by end turns is extremely complex. In general 
these fluxes do not contribute to useful rotor-to-stator mutual flux, and thus they, too, 
contribute to leakage inductance. 

From this discussion we see that the self-inductance expression of Eq. B.26 must, 
in general, be modified by an additional term L,, which represents the winding leakage 
inductance. This leakage inductance corresponds directly to the leakage inductance 
of a transformer winding as discussed in Chapter 1. Although the leakage inductance 
is usually difficult to calculate analytically and must be determined by approximate 
or empirical techniques, it plays an important role in machine performance. 


TAT om 
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Figure 4.41 Flux created by a single 
coil side in a slot. 
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Figure 4.42 End view of the stator of a 26-kV 908-MVA 3600 r/min turbine 
generator with water-cooled windings. Hydraulic connections for coolant flow are 
provided for each winding end turn. (General Electric Company.) 


4.11 SUMMARY 


This chapter presents a brief and elementary description of three basic types of rotating 
machines: synchronous, induction, and dc machines. In all of them the basic principles 
are essentially the same. Voltages are generated by the relative motion of a magnetic 
field with respect to a winding, and torques are produced by the interaction of the 
magnetic fields of the stator and rotor windings. The characteristics of the various 
machine types are determined by the methods of connection and excitation of the 
windings, but the basic principles are essentially similar. 

The basic analytical tools for studying rotating machines are expressions for the 
generated voltages and for the electromechanical torque. Taken together, they express 
the coupling between the electric and mechanical systems. To develop a reasonably 
quantitative theory without the confusion arising from too much detail, we have made 
several simplifying approximations. In the study of ac machines we have assumed 
sinusoidal time variations of voltages and currents and sinusoidal space waves of 
air-gap flux density and mmf. On examination of the mmf produced by distributed ac 
windings we found that the space-fundamental component is the most important. On 
the other hand, in dc machines the armature-winding mmf is more nearly a sawtooth 
wave. For our preliminary study in this chapter, however, we have assumed sinusoidal 
mmf distributions for both ac and dc machines. We examine this assumption more 
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thoroughly for dc machines in Chapter 7. Faraday’s law results in Eq. 4.50 for the 
rms voltage generated in an ac machine winding or Eq. 4.53 for the average voltage 
generated between brushes in a dc machine. 

On examination of the mmf wave of a three-phase winding, we found that bal- 
anced three-phase currents produce a constant-amplitude air-gap magnetic field rotat- 
ing at synchronous speed, as shown in Fig. 4.31 and Eq. 4.39. The importance of this 
fact cannot be overstated, for it means that it is possible to operate such machines, ei- 
ther as motors or generators, under conditions of constant torque (and hence constant 
electrical power as is discussed in Appendix A), eliminating the double-frequency, 
time-varying torque inherently associated with single-phase machines. For example, 
imagine a multimegawatt single-phase 60-Hz generator subjected to multimegawatt 
instantaneous power pulsation at 120 Hz! The discovery of rotating fields led to the 
invention of the simple, rugged, reliable, self-starting polyphase induction motor, 
which is analyzed in Chapter 6. (A single-phase induction motor will not start; it 
needs an auxiliary starting winding, as shown in Chapter 9.) 

In single-phase machines, or in polyphase machines operating under unbalanced 
conditions, the backward-rotating component of the armature mmf wave induces 
currents and losses in the rotor structure. Thus, the operation of polyphase machines 
under balanced conditions not only eliminates the second-harmonic component of 
generated torque, it also eliminates a significant source of rotor loss and rotor heating. 
It was the invention of polyphase machines operating under balanced conditions that 
made possible the design and construction of large synchronous generators with 
ratings as large as 1000 MW. 

Having assumed sinusoidally-distributed magnetic fields in the air gap, we then 
derived expressions for the magnetic torque. The simple physical picture for torque 
production is that of two magnets, one on the stator and one on the rotor, as shown 
schematically in Fig. 4.35a. The torque acts in the direction to align the magnets. 
To get a reasonably close quantitative analysis without being hindered by details, we 
assumed a smooth air gap and neglected the reluctance of the magnetic paths in the 
iron parts, with a mental note that this assumption may not be valid in all situations 
and a more detailed model may be required. 

In Section 4.7 we derived expressions for the magnetic torque from two view- 
points, both based on the fundamental principles of Chapter 3. The first viewpoint 
regards the machine as a set of magnetically-coupled circuits with inductances which 
depend on the angular position of the rotor, as in Section 4.7.1. The second regards the 
machine from the viewpoint of the magnetic fields in the air gap, as in Section 4.7.2. 
It is shown that the torque can be expressed as the product of the stator field, the rotor 
field, and the sine of the angle between their magnetic axes, as in Eq. 4.73 or any of 
the forms derived from Eq. 4.73. The two viewpoints are complementary, and ability 
to reason in terms of both is helpful in reaching an understanding of how machines 
work, 

This chapter has been concerned with basic principles underlying rotating- 
machine theory. By itself it is obviously incomplete. Many questions remain unan- 
swered. How do we apply these principles to the determination of the characteristics 
of synchronous, induction, and dc machines? What are some of the practical problems 
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that arise from the use of iron, copper, and insulation in physical machines? What 
are some of the economic and engineering considerations affecting rotating-machine 
applications? What are the physical factors limiting the conditions under which a 
machine can operate successfully? Appendix D discusses some of these problems. 
Taken together, Chapter 4 along with Appendix D serve as an introduction to the more 
detailed treatments of rotating machines in the following chapters. 


4.12 PROBLEMS 


4.1 


4.2 


4.3 


4.4 


The rotor of a six-pole synchronous generator is rotating at a mechanical 
speed of 1200 r/min. 


a. Express this mechanical speed in radians per second. 


b. What is the frequency of the generated voltage in hertz and in radians per 
second? 


c. What mechanical speed in revolutions per minute would be required to 
generate voltage at a frequency of 50 Hz? 


The voltage generated in one phase of an unloaded three-phase synchronous 
generator is of the form u(t) = Vo cos wt. Write expressions for the voltage in 
the remaining two phases. 

A three-phase motor is used to drive a pump. It is observed (by the use of a 
stroboscope) that the motor speed decreases from 898 r/min when the pump 
is unloaded to 830 r/min as the pump is loaded. 

a. Is this a synchronous or an induction motor? 

b. Estimate the frequency of the applied armature voltage in hertz. 

c. How many poles does this motor have? 


The object of this problem is to illustrate how the armature windings of 
certain machines, 1.e., dc machines, can be approximately represented by 
uniform current sheets, the degree of correspondence growing better as the 
winding is distributed in a greater number of slots around the armature 
periphery. For this purpose, consider an armature with eight slots uniformly 
distributed over 360 electrical degrees (corresponding to a span of one pole 
pair). The air gap is of uniform length, the slot openings are very small, and 
the reluctance of the iron is negligible. 

Lay out 360 electrical degrees of the armature with its slots in developed 
form in the manner of Fig. 4.23a and number the slots | to 8 from left to right. 
The winding consists of eight single-turn coils, each carrying a direct current 
of 10 A. Coil sides placed in any of the slots 1 to 4 carry current directed into 
the paper; those placed in any of the slots 5 to 8 carry current out of the paper. 


a. Consider that all eight slots are placed with one side in slot 1 and the other 
in slot 5. The remaining slots are empty. Draw the rectangular mmf wave 
produced by these slots. 

b. Next consider that four coils have one side in slot 1 and the other in slot 5, 
while the remaining four coils have one side in slot 3 and the other in 
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4.5 


4.6 


4.7 


48 


slot 7. Draw the component rectangular mmf waves produced by each 
group of coils, and superimpose the components to give the resultant 
mmf wave. 


c. Now consider that two coils are placed in slots 1 and 5, two in slots 2 and 
6, two in 3 and 7, and two in 4 and 8. Again superimpose the component 
rectangular waves to produce the resultant wave. Note that the task can be 
systematized and simplified by recognizing that the mmf wave is 
symmetric about its axis and takes a step at each slot which is directly 
proportional to the number of ampere-conductors in that slot. 


d. Let the armature now consist of 16 slots per 360 electrical degrees with 
one coil side per slot. Draw the resultant mmf wave. 


A three-phase Y-connected ac machine is initially operating under balanced 
three-phase conditions when one of the phase windings becomes 
open-circuited. Because there is no neutral connection on the winding, this 
requires that the currents in the remaining two windings become equal and 
opposite. Under this condition, calculate the relative magnitudes of the 
resultant positive- and negative-traveling mmf waves. 
What is the effect on the rotating mmf and flux waves of a three-phase 
winding produced by balanced-three-phase currents if two of the phase 
connections are interchanges? 
In a balanced two-phase machine, the two windings are displaced 90 electrical 
degrees in space, and the currents in the two windings are phase-displaced 90 
electrical degrees in time. For such a machine, carry out the process leading 
to an equation for the rotating mmf wave corresponding to Eq. 4.39 (which is 
derived for a three-phase machine). 
This problem investigates the advantages of short-pitching the stator coils of 
an ac machine. Figure 4.43a shows a single full-pitch coil in a two-pole 
machine. Figure 4.43b shows a fractional-pitch coil for which the coil sides 
are B radians apart, rather than 7 radians (180°) as is the case for the 
full-pitch coil. 

For an air-gap radial flux distribution of the form 


B, = ys B, cos n@ 
n odd 
where n = | corresponds to the fundamental space harmonic, n = 3 to the 
third space harmonic, and so on, the flux linkage of each coil is the integral 
of B, over the surface spanned by that coil. Thus for the nth space harmonic, 
the ratio of the maximum fractional-pitch coil flux linkage to that of the 
full-pitch coil is 


PIB, cosnd dof ®.", cosné dé 


—B/2 —b/ : 
= = |sin (nB/2)| 
ia B, cosn@ dd ee cos n@ dé 


It is common, for example, to fractional-pitch the coils of an ac machine 
by 30 electrical degrees (B = 52/6 = 150°). For n = 1, 3, 5 calculate the 
fractional reduction in flux linkage due to short pitching. 


4.9 


4.10 


4.11 


4.12 


4.13 


4.12 Problems 
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Figure 4.43 Problem 4.8: (a) full-pitch coil and 
(b) fractional-pitch coil. 


A six-pole, 60-Hz synchronous machine has a rotor winding with a total of 
138 series turns and a winding factor k, = 0.935. The rotor length is 1.97 m, 
the rotor radius is 58 cm, and the air-gap length = 3.15 cm. 


a. What is the rated operating speed in r/min? 


b. Calculate the rotor-winding current required to achieve a peak 
fundamental air-gap flux density of 1.23 T. 


c. Calculate the corresponding flux per pole. 


Assume that a phase winding of the synchronous machine of Problem 4.9 
consists of one full-pitch, 11-turn coil per pole pair, with the coils connected 
in series to form the phase winding. If the machine is operating at rated speed 
and under the operating conditions of Problem 4.9, calculate the rms 
generated voltage per phase. 

The synchronous machine of Problem 4.9 has a three-phase winding with 45 
series turns per phase and a winding factor ky = 0.928. For the flux condition 
and rated speed of Problem 4.9, calculate the rms-generated voltage per phase. 
The three-phase synchronous machine of Problem 4.9 is to be moved to an 
application which requires that its operating frequency be reduced from 60 to 
50 Hz. This application requires that, for the operating condition considered 
in Problem 4.9, the rms generated voltage equal 13.0 kV line-to-line. As a 
result, the machine armature must be rewound with a different number of 
turns. Assuming a winding factor of ky = 0.928, calculate the required 
number of series turns per phase. 

Figure 4.44 shows a two-pole rotor revolving inside a smooth stator which 
carries a coil of 110 turns. The rotor produces a sinusoidal space distribution 
of flux at the stator surface; the peak value of the flux-density wave being 
0.85 T when the current in the rotor is 15 A. The magnetic circuit is linear. 
The inside diameter of the stator is 11 cm, and its axial length is 0.17 m. The 
rotor is driven at a speed of 50 r/sec. 
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Stator coil sides 


oe 3 


Figure 4.44 Elementary 
generator for Problem 4.13. 


a. The rotor is excited by a current of 15 A. Taking zero time as the instant 
when the axis of the rotor is vertical, find the expression for the 
instantaneous voltage generated in the open-circuited stator coil. 


b. The rotor is now excited by a 50-Hz sinusoidal alternating currrent whose 
peak value is 15 A. Consequently, the rotor current reverses every half 
revolution; it is timed to be at its maximum just as the axis of the rotor is 
vertical (i.e., just as it becomes aligned with that of the stator coil). 
Taking zero time as the instant when the axis of the rotor is vertical, find 
the expression for the instantaneous voltage generated in the 
open-circuited stator coil. This scheme is sometimes suggested as a dc 
generator without a commutator; the thought being that if alternative half 
cycles of the alternating voltage generated in part (a) are reversed by 
reversal of the polarity of the field (rotor) winding, then a pulsating direct 
voltage will be generated in the stator. Discuss whether or not this scheme 
will work. 


4.14 A three-phase two-pole winding is excited by balanced three-phase 60-Hz 
currents as described by Eqs. 4.23 to 4.25. Although the winding distribution 
has been designed to minimize harmonics, there remains some third and fifth 
spatial harmonics. Thus the phase-a mmf can be written as 


Fa = ig(A} cos 0, + A3 cos 36, + As cos 56,) 


Similar expressions can be written for phases b (replace 6, by 6, — 120°) and 
c (replace 6, by 6, + 120°). Calculate the total three-phase mmf. What is the 
angular velocity and rotational direction of each component of the mmf? 

4.15 The nameplate of a de generator indicates that it will produce an output 
voltage of 24 V dc when operated at a speed of 1200 r/min. By what factor 
must the number of armature turns be changed such that, for the same 
field-flux per pole, the generator will produce an output voltage of 18 V dc at 
a speed of 1400 r/min? 


4.16 


4.17 


4.18 


4.19 


4.20 


4.12 Problems 


The armature of a two-pole dc generator has a total of 320 series turns. When 
operated at a speed of 1800 r/min, the open-circuit generated voltage is 240 V. 
Calculate ®,, the air-gap flux per pole. 

The design of a four-pole, three-phase, 230-V, 60-Hz induction motor is to be 
based on a stator core of length 21 cm and inner diameter 9.52 cm. The stator 
winding distribution which has been selected has a winding factor 

ky = 0.925. The armature is to be Y-connected, and thus the rated phase 
voltage will be 230//3 V. 


a. The designer must pick the number of armature turns so that the flux 
density in the machine is large enough to make efficient use of the 
magnetic material without being so large as to result in excessive 
saturation. To achieve this objective, the machine is to be designed with 
a peak fundamental air-gap flux density of 1.25 T. Calculate the required 
number of series turns per phase. 

b. For an air-gap length of 0.3 mm, calculate the self-inductance of an 
armature phase based upon the result of part (a) and using the inductance 
formulas of Appendix B. Neglect the reluctance of the rotor and stator 
iron and the armature leakage inductance. 

A two-pole, 60-Hz, three-phase, laboratory-size synchronous generator has a 

rotor radius of 5.71 cm, a rotor length of 18.0 cm, and an air-gap length of 

0.25 mm. The rotor field winding consists of 264 turns with a winding factor 

of k, = 0.95. The Y-connected armature winding consists of 45 turns per 

phase with a winding factor ky, = 0.93. 

a. Calculate the flux per pole and peak fundamental air-gap flux density 
which will result in an open-circuit, 60-Hz armature voltage of 
120 V rms/phase (line-to-neutral). 

b. Calculate the dc field current required to achieve the operating condition 
of part (a). 

c. Calculate the peak value of the field-winding to armature-phase-winding 
mutual inductance. 

Write a MATLAB script which calculates the required total series field- and 

armature-winding turns for a three-phase, Y-connected synchronous motor 

given the following information: 


Rotor radius, R (meters) Rotor length, J (meters) 

Air-gap length, g (meters) Number of poles, poles 

Electrical frequency, f. Peak fundamental air-gap flux density, Bpeak 
Field-winding factor, kr Armature-winding factor, ky 


Rated rms open-circuit line-to-line terminal voltage, Vrated 
Field-current at rated-open-circuit terminal voltage, J; 


A four-pole, 60-Hz synchronous generator has a rotor length of 5.2 m, 
diameter of 1.24 m, and air-gap length of 5.9 cm. The rotor winding consists 
of a series connection of 63 turns per pole with a winding factor of k, = 0.91. 
The peak value of the fundamental air-gap flux density is limited to 1.1 T and 
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the rotor winding current to 2700 A. Calculate the maximum torque (N-m) 
and power output (MW) which can be supplied by this machine. 

4.21 Thermal considerations limit the field-current of the laboratory-size 
synchronous generator of Problem 4.18 to a maximum value of 2.4 A. If the 
peak fundamental air-gap flux density is limited to a maximum of 1.3 T, 
calculate the maximum torque (N-m) and power (kW) which can be produced 
by this generator. 

4.22 Figure 4.45 shows in cross section a machine having a rotor winding f and 
two identical stator windings a and b whose axes are in quadrature. The 
self-inductance of each stator winding is L,, and of the rotor is Lr. The air 
gap is uniform. The mutual inductance between a stator winding depends on 
the angular position of the rotor and may be assumed to be of the form 


Mat = M cos 0 Moe = M sin 6 


where M is the maximum value of the mutual inductance. The resistance of 

each stator winding is Ra. 

a. Derive a general expression for the torque T in terms of the angle 6, the 
inductance parameters, and the instantaneous currents i,, J), and ip. Does 
this expression apply at standstill? When the rotor is revolving? 


b. Suppose the rotor is stationary and constant direct currents J, = Ip, 
Ty = Ip, and Is = 2/p are supplied to the windings in the directions 
indicated by the dots and crosses in Fig. 4.45. If the rotor is allowed to 
move, will it rotate continuously or will it tend to come to rest? If the 
latter, at what value of 0)? 
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Figure 4.45 Elementary 
cylindrical-rotor, two-phase 
synchronous machine for 
Problem 4.22. 


4.12 Problems 


c. The rotor winding is now excited by a constant direct current J; while the 
stator windings carry balanced two-phase currents 


i, = V2, coswt ip = V21, Sinat 


The rotor is revolving at synchronous speed so that its instantaneous 
angular position is given by 0) = wt — 5, where 4 is a phase angle 
describing the position of the rotor at t = 0. The machine is an elementary 
two-phase synchronous machine. Derive an expression for the torque 
under these conditions. 

d. Under the conditions of part (c), derive an expression for the 
instantaneous terminal voltages of stator phases a and b. 

4.23 Consider the two-phase synchronous machine of Problem 4.22. Derive an 
expression for the torque acting on the rotor if the rotor is rotating at constant 
angular velocity, such that 6) = wt + 5, and the phase currents become 
unbalanced such that 


i, = V2, coswt iy = V2, + 1') sinat 


What are the instantaneous and time-averaged torque under this condition? 
4.24 Figure 4.46 shows in schematic cross section a salient-pole synchronous 

machine having two identical stator windings a and b on a laminated steel 

core. The salient-pole rotor is made of steel and carries a field winding f 

connected to slip rings. 

Because of the nonuniform air gap, the self- and mutual inductances are 
functions of the angular position 69 of the rotor. Their variation with 6) can be 
approximated as: 


Dosa = Lp + L2 cos 200 Lop = Lo ra LT, cos 200 Mv = 12 sin 200 
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Figure 4.46 Schematic two-phase, 
salient-pole synchronous machine for 
Problem 4.24. 
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4.25 


4.26 


4.27 


where Lo and L2 are positive constants. The mutual inductance between the 
rotor and the stator windings are functions of 69 


Mar = M cos aN My = M sin 8 


where M is also a positive constant. The self-inductance of the field winding, 
Leg, is constant, independent of 6p. 

Consider the operating condition in which the field winding is excited by 
direct current J; and the stator windings are connected to a balanced 
two-phase voltage source of frequency w. With the rotor revolving at 
synchronous speed, its angular position will be given by 4 = wt. 

Under this operating condition, the stator currents will be of the form 


ig = V2I,cos (wt +8) iy = V2I,8in(ot +8) 


a. Derive an expression for the electromagnetic torque acting on the rotor. 
b. Can the machine be operated as a motor and/or a generator? Explain. 

c. Will the machine continue to run if the field current Js is reduced to zero? 
Support you answer with an expression for the torque and an explanation as 
to why such operation is or is not possible. 

A three-phase linear ac motor has an armature winding of wavelength 25 cm. 
A three-phase balanced set of currents at a frequency of 100 Hz is applied to 
the armature. 

a. Calculate the linear velocity of the armature mmf wave. 


b. For the case of a synchronous rotor, calculate the linear velocity of the 
rotor. 

c. For the case of an induction motor operating at a slip of 0.045, calculate 
the linear velocity of the rotor. 

The linear-motor armature of Problem 4.25 has a total active length of 

7 wavelengths, with a total of 280 turns per phase with a winding factor 

ky = 0.91. For an air-gap length of 0.93 cm, calculate the rms magnitude of 

the balanced three-phase currents which must be supplied to the armature to 

achieve a peak space-fundamental air-gap flux density of 1.45 T. 

A two-phase linear permanent-magnet synchronous motor has an air-gap of 

length 1.0 mm, a wavelength of 12 cm, and a pole width of 4 cm. The rotor is 

5 wavelengths in length. The permanent magnets on the rotor are arranged to 

produce an air-gap magnetic flux distribution that is uniform over the width 

of a pole but which varies sinusoidally in space in the direction of rotor travel. 

The peak density of this air-gap flux is 0.97 T. 

a. Calculate the net flux per pole. 

b. Each armature phase consists of 10 turns per pole, with all the poles 
connected in series. Assuming that the armature winding extends many 
wavelengths past either end of the rotor, calculate the peak flux linkages 
of the armature winding. 

c. Ifthe rotor is traveling at a speed of 6.3 m/sec, calculate the rms voltage 
induced in the armature winding. 


Synchronous Machines 


s we have seen in Section 4.2.1, a synchronous machine is an ac machine 

whose speed under steady-state conditions is proportional to the frequency 

of the current in its armature. The rotor, along with the magnetic field created 
by the dc field current on the rotor, rotates at the same speed as, or in synchronism 
with, the rotating magnetic field produced by the armature currents, and a steady 
torque resuits. An elementary picture of how a synchronous machine works is yivell 
in Section 4.2.1 with emphasis on torque production in terms of the interactions 
between the machine’s magnetic fields. 

Analytical methods of examining the steady-state performance of polyphase 
synchronous machines will be developed in this chapter. Initial consideration will 
be given to cylindrical-rotor machines; the effects of salient poles are taken up in 
Sections 5.6 and 5.7. 


5.1 INTRODUCTION TO POLYPHASE 
SYNCHRONOUS MACHINES 


As indicated in Section 4.2.1, a synchronous machine is one in which alternating 
current flows in the armature winding, and dc excitation is supplied to the field 
winding. The armature winding is almost invariably on the stator and is usually a 
three-phase winding, as discussed in Chapter 4. The field winding is on the rotor. 
The cylindrical-rotor construction shown in Figs. 4.10 and 4.11 is used for two- 
and four-pole turbine generators. The salient-pole construction shown in Fig. 4.9 is 
best adapted to multipolar, slow-speed, hydroelectric generators and to most syn- 
chronous motors. The de power required for excitation—approximately one to a 
few percent of the rating of the synchronous machine—is supplied by the excitation 
system. 

In older machines, the excitation current was typically supplied through slip 
rings from a dc machine, referred to as the exciter, which was often mounted on the 
same shaft as the synchronous machine. In more modern systems, the excitation is 
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supplied from ac exciters and solid-state rectifiers (either simple diode bridges or 
phase-controlled rectifiers). In some cases, the rectification occurs in the stationary 
frame, and the rectified excitation current is fed to the rotor via slip rings. In other 
systems, referred to as brushless excitation systems, the alternator of the ac exciter 
is on the rotor, as is the rectification system, and the current is supplied directly to 
the field-winding without the need for slip rings. One such system is described in 
Appendix D. 

As is discussed in Chapter 4, a single synchronous generator supplying power 
to an impedance load acts as a voltage source whose frequency is determined by 
the speed of its mechanical drive (or prime mover), as can be seen from Eq. 4.2. 
From Eqs. 4.42, 4.44, and 4.50, the amplitude of the generated voltage is propor- 
tional to the frequency and the field current. The current and power factor are then 
determined by the generator field excitation and the impedance of the generator 
and load. 

Synchronous generators can be readily operated in parallel, and, in fact, the 
electricity supply systems of industrialized countries typically have scores or even 
hundreds of them operating in parallel, interconnected by thousands of miles of 
transmission lines, and supplying electric energy to loads scattered over areas of many 
thousands of square miles. These huge systems have grown in spite of the necessity for 
designing the system so that synchronism is maintained following disturbances and 
the problems, both technical and administrative, which must be solved to coordinate 
the operation of such a complex system of machines and personnel. The principal 
reasons for these interconnected systems are reliability of service and economies in 
plant investment and operating costs. 

When a synchronous generator is connected to a large interconnected system 
containing many other synchronous generators, the voltage and frequency at its ar- 
mature terminals are substantially fixed by the system. As a result, armature currents 
will produce a component of the air-gap magnetic field which rotates at synchronous 
speed (Eq. 4.41) as determined by the system electrical frequency f.. As is discussed 
in Chapter 4, for the production of a steady, unidirectional electromechanical torque, 
the fields of the stator and rotor must rotate at the same speed, and therefore the 
rotor must turn at precisely synchronous speed. Because any individual generator 
is a small fraction of the total system generation, it cannot significantly affect the 
system voltage or frequency. It is thus often useful, when studying the behavior of 
an individual generator or group of generators, to represent the remainder of the sys- 
tem as a constant-frequency, constant-voltage source, commonly referred to as an 
infinite bus. 

Many important features of synchronous-machine behavior can be understood 
from the analysis of a single machine connected to an infinite bus. The steady-state 
behavior of a synchronous machine can be visualized in terms of the torque equa- 
tion. From Eq. 4.81, with changes in notation appropriate to synchronous-machine 
theory, 


1 2 
T= a (=) Op Fr sin dep (5.1) 


5.1 Introduction to Polyphase Synchronous Machines 


where 


®pz = resultant air-gap flux per pole 
F; = mmf of the dc field winding 
opgr = electrical phase angle between magnetic axes of Pp and Fy 


The minus sign of Eq. 4.81 has been omitted with the understanding that the 
electromechanical torque acts in the direction to bring the interacting fields into 
alignment. In normal steady-state operation, the electromechanical torque balances 
the mechanical torque applied to the shaft. In a generator, the prime-mover torque 
acts in the direction of rotation of the rotor, pushing the rotor mmf wave ahead of 
the resultant air-gap flux. The electromechanical torque then opposes rotation. The 
opposite situation exists in a synchronous motor, where the electromechanical torque 
is in the direction of rotation, in opposition to the retarding torque of the mechanical 
load on the shaft. 

Variations in the electromechanical torque result in corresponding variations in 
the torque angle, dpp, as seen from Eq. 5.1. The relationship is shown in the form of a 
torque-angle curve in Fig. 5.1, where the field current (rotor mmf) and resultant air- 
gap flux are assumed constant. Positive values of torque represent generator action, 
corresponding to positive values of dp¢ for which the rotor mmf wave leads the 
resultant air-gap flux. 

As the prime-mover torque is increased, the magnitude of Spr must increase until 
the electromechanical torque balances the shaft torque. The readjustment process is 
actually a dynamic one, requiring a change in the mechanical speed of the rotor, 
typically accompanied by a damped mechanical oscillation of the rotor about its new 
steady-state torque angle. This oscillation is referred to as a hunting transient. In a 
practical machine undergoing such a transient, some changes in the amplitudes of the 
resultant flux-density and field-winding mmf wave may also occur because of various 
factors such as saturation effects, the effect of the machine leakage impedance, the 
response of the machine’s excitation system, and so on. To emphasize the fundamental 
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Figure 5.1 Torque-angle characteristic. 
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principles of synchronous-machine operation, such effects will be neglected in the 
present discussion. 

The adjustment of the rotor to its new angular position following a load change 
can be observed experimentally in the laboratory by viewing the machine rotor with 
stroboscopic light triggered from the applied armature voltage (thus having a flashing 
frequency which causes the rotor to appear stationary when it is turning at its normal 
synchronous speed). Alternatively, electronic sensors can be used to determine the 
shaft position relative to the synchronous reference frame associated with the stator 
voltage. The resultant signal can be displayed on an oscilloscope or recorded with a 
data-acquisition system. 

As can be seen from Fig. 5.1, an increase in prime-mover torque will result 
in a corresponding increase in the torque angle. When dpr¢ becomes 90°, the elec- 
tromechanical torque reaches its maximum value, known as the pull-out torque. Any 
further increase in prime-mover torque cannot be balanced by a corresponding in- 
crease in synchronous electromechanical torque, with the result that synchronism will 
no longer be maintained and the rotor will speed up. This phenomenon is known as 
loss of synchronism or pulling out of step. Under these conditions, the generator is 
usually disconnected from the external electrical system by the automatic operation 
of circuit breakers, and the prime mover is quickly shut down to prevent dangerous 
overspeed. Note from Eq. 5.1 that the value of the pull-out torque can be increased by 
increasing either the field current or the resultant air-gap flux. However, this cannot be 
done without limit; the field current is limited by the ability to cool the field winding, 
and the air-gap flux is limited by saturation of the machine iron. 

As seen from Fig. 5.1, a similar situation occurs in a synchronous motor for which 
an increase in the shaft load torque beyond the pull-out torque will cause the rotor to 
lose synchronism and thus to slow down. Since a synchronous motor develops torque 
only at synchronous speed, it cannot be started simply by the application of armature 
voltages of rated frequency. In some cases, a squirrel-cage structure is included in 
the rotor, and the motor can be started as an induction motor and then synchronized 
when it is close to synchronous speed. 


5.2 SYNCHRONOUS-MACHINE 
INDUCTANCES; EQUIVALENT CIRCUITS 


In Section 5.1, synchronous-machine torque-angle characteristics are described in 
terms of the interacting air-gap flux and mmf waves. Our purpose now is to de- 
rive an equivalent circuit which represents the steady-state terminal volt-ampere 
characteristics. 

A cross-sectional sketch of a three-phase cylindrical-rotor synchronous machine 
is shown schematically in Fig. 5.2. The figure shows a two-pole machine; alternatively, 
this can be considered as two poles of a multipole machine. The three-phase armature 
winding on the stator is of the same type used in the discussion of rotating magnetic 
fields in Section 4.5. Coils aa’, bb’, and cc’ represent distributed windings producing 
sinusoidal mmf and flux-density waves in the air gap. The reference directions for 
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Figure 5.2 Schematic diagram of 
a two-pole, three-phase cylindrical- 
rotor synchronous machine. 


the currents are shown by dots and crosses. The field winding ff’ on the rotor also 
represents a distributed winding which produces a sinusoidal mmf and flux-density 
wave centered on its magnetic axis and rotating with the rotor. 

When the flux linkages with armature phases a, b, c and field winding f are ex- 
pressed in terms of the inductances and currents as follows, 


da = Laala + Lariy + Lacic + Latit (5.2) 
Ap = Loata + Loin + Loeic + Lorie (5.3) 
he = Leala + Lepip + Lecie + Legit (5.4) 
Ag = Leata + Lapin + Lele + Lerir (5.5) 


the induced voltages can be found from Faraday’s law. Here, two like subscripts denote 
a self-inductance, and two unlike subscripts denote a mutual inductance between the 
two windings. The script £ is used to indicate that, in general, both the self- and 
mutual inductances of a three-phase machine may vary with rotor angle, as is seen, 
for example, in Section C.2, where the effects of salient poles are analyzed. 

Before we proceed, itis useful to investigate the nature of the various inductances. 
Each of these inductances can be expressed in terms of constants which can be 
computed from design data or measured by tests on an existing machine. 


5.2.1 Rotor Self-Inductance 


With a cylindrical stator, the self-inductance of the field winding is independent of 
the rotor position 6,, when the harmonic effects of stator slot openings are neglected. 
Hence 


Le = La = Lao + La (5.6) 
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where the italic Lis used for an inductance which is independent of 6,,. The component 
Ls corresponds to that portion of £ due to the space-fundamental component of 
air-gap flux. This component can be computed from air-gap dimensions and winding 
data, as shown in Appendix B. The additional component L»_, accounts for the field- 
winding leakage flux. 

Under transient or unbalanced conditions, the flux linkages with the field wind- 
ing, Eq. 5.5, vary with time, and the voltages induced in the rotor circuits have an 
important effect on machine performance. With balanced three-phase armature cur- 
rents, however, the constant-amplitude magnetic field of the armature currents rotates 
in synchronism with the rotor. Thus the field-winding flux linkages produced by the 
armature currents do not vary with time, and the voltage induced in the field winding 
is therefore zero. With constant dc voltage V; applied to the field-winding terminals, 
the field direct current /; is given by Ohm’s law, If = V;/ Re. 


5.2.2 Stator-to-Rotor Mutual Inductances 


The stator-to-rotor mutual inductances vary periodically with On¢, the electrical angle 
between the magnetic axes of the field winding and the armature phase a as shown in 
Fig. 5.2 and as defined by Eq. 4.54. With the space-mmf and air-gap flux distribution 
assumed sinusoidal, the mutual inductance between the field winding f and phase a 
varies aS COS Ome; thus 


Lat = Li, = Lap COS Ome (5.7) 


Similar expressions apply to phases b and c, with Ome replaced by Ome — 120° and 
Ome + 120°, respectively. Attention will be focused on phase a. The inductance Lar 
can be calculated as discussed in Appendix B. 
With the rotor rotating at synchronous speed w, (Eq. 4.40), the rotor angle will 
vary as 
Im = Wet + do (5.8) 


where dq is the angle of the rotor at time t = 0. From Eq. 4.54 


1 
p= (=) Om = Wet + 8e9 (5.9) 


Here, we = (poles/2)w, is the electrical frequency and 50 is the electrical angle of 
the rotor at time ¢t = 0. 
Thus, substituting into Eq. 5.7 gives 


Lap = Lig = Lat CoS (Wet + 5e0) (5.10) 


5.2.3 Stator Inductances; Synchronous Inductance 


With a cylindrical rotor, the air-gap geometry is independent of 0, if the effects of 
rotor slots are neglected. The stator self-inductances then are constant; thus 


Lua = Lop = Le = Laa = Lag + La (5.11) 


6.9 


6.10 


6.11 


6.9 Problems 


has a wound rotor whose terminals are brought out through slip rings. 

a. At what speed does the motor run? 

b. What is the frequency of the voltages produced at the slip rings of the 
induction motor? 

c. What will be the frequency of the voltages produced at the slip rings of 
the induction motor if two leads of the induction-motor stator are 
interchanged, reversing the direction of rotation of the resultant rotating 
field? 

A three-phase, eight-pole, 60-Hz, 4160-V, 1000-kW squirrel-cage induction 

motor has the following equivalent-circuit parameters in ohms per phase Y 

referred to the stator: 


R, = 0.220 RR. =0.207 X,;=1.95 X,=2.42 Xm =45.7 


Determine the changes in these constants which will result from the following 

proposed design modifications. Consider each modification separately. 

a. Replace the stator winding with an otherwise identical winding with a 
wire size whose cross-sectional area is increased by 4 percent. 

b. Decrease the inner diameter of the stator laminations such that the air gap 
is decreased by 15 percent. 

c. Replace the aluminum rotor bars (conductivity 3.5 x 10’ mhos/m) with 
copper bars (conductivity 5.8 x 10’ mhos/m). 

d. Reconnect the stator winding, originally connected in Y for 4160-V 
operation, in A for 2.4 kV operation. 

A three-phase, Y-connected, 460-V (line-line), 25-kW, 60-Hz, four-pole 

induction motor has the following equivalent-circuit parameters in ohms per 

phase referred to the stator: 


R, = 0.103 Rp =0.225 X,;=1.10 X2=1.13 Xm =59.4 


The total friction and windage losses may be assumed constant at 265 W, and 
the core loss may be assumed to be equal to 220 W. With the motor 
connected directly to a 460-V source, compute the speed, output shaft torque 
and power, input power and power factor and efficiency for slips of 1, 2 and 
3 percent. You may choose either to represent the core loss by a resistance 
connected directly across the motor terminals or by resistance R, connected 
in parallel with the magnetizing reactance Xp. 

Consider the induction motor of Problem 6.10. 

a. Find the motor speed in r/min corresponding to the rated shaft output 
power of 25 kW. (Hint: This can be easily done by writing a MATLAB 
script which searches over the motor slip.) 

b. Similarly, find the speed in r/min at which the motor will operate with 
no external shaft load (assuming the motor load at that speed to consist 
only of the friction and windage losses). 

c. Write a MATLAB script to plot motor efficiency versus output power as 
the motor output power varies from zero to full load. 
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air-gap component of the phase-a self-flux linkages. The second, L.), known as the 
armature-winding leakage inductance, is due to the leakage component of phase-a 
flux linkages. The third component, 5 Laads is due to the phase-a flux linkages from 
the space-fundamental component of air-gap flux produced by currents in phases b 
and c. Under balanced three-phase conditions, the phase-b and -c currents are related 
to the current in phase a by Eq. 5.15. Thus the synchronous inductance is an apparent 
inductance in that it accounts for the flux linkages of phase a in terms of the current 
in phase a, even though some of this flux linkage is due to currents in phases a and b. 
Hence, although synchronous inductance appears in that role in Eq. 5.18, it is not the 
self-inductance of phase a alone. 

The significance of the synchronous inductance can be further appreciated with 
reference to the discussion of rotating magnetic fields in Section 4.5.2, where it 
was shown that under balanced three-phase conditions, the armature currents create a 
rotating magnetic flux wave in the air gap of magnitude equal to 3 times the magnitude 
of that due to phase a alone, the additional component being due to the phase-b and 
-c currents. This corresponds directly to the 3 Laao component of the synchronous 
inductance in Eq. 5.17; this component of the synchronous inductance accounts for 
the total space-fundamental air-gap component of phase-a flux linkages produced by 
the three armature currents under balanced three-phase conditions. 


5.2.4 Equivalent Circuit 


The phase-a terminal voltage is the sum of the armature-resistance voltage drop Raia 
and the induced voltage. The voltage ear induced by the field winding flux (often 
referred to as the generated voltage or internal voltage) can be found from the time 
derivative of Eq. 5.18 with the armature current i, set equal to zero. With dc excitation 
7; in the field winding, substitution of Eq. 5.10 gives 


d ; : 
et = (Latif) = —@eLarls Sin (Wet + 5e0) (5.19) 


Using Eq. 5.18, the terminal voltage can then be expressed as 


. , dra 
Va = Rala + ae 


a aces (5.20) 


= Rig + Ls at 


The generated voltage ea of Eq. 5.19 is at frequency @,, equal to the electrical 
frequency of the generator terminal voltage. Its rms amplitude is given by 
a We Lat ls 


Ewa = 
ee) 


Under this synchronous operating condition, all machine armature quantities 
(current and flux linkage) will also vary sinusoidally in time at frequency @,. Thus, 


(5.21) 
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we can write the above equations in term of their rms, complex amplitudes. From 
Eq. 5.19 we can write the rms complex amplitude of the generated voltage as 


. ets 
pes (A (5.22) 


Similarly, the terminal-voltage equation, Eq. 5.20, can be written in terms of rms 
complex amplitudes as 


V, = Ral, + jXsl, + En (5.23) 


where X, = weL, is known as the synchronous reactance. 

An equivalent circuit in complex form is shown in Fig. 5.3a. The reader should 
note that Eq. 5.23 and Fig. 5.3a are written with the reference direction for /, defined 
as positive into the machine terminals. This is known as the motor reference direction 
for the current. 

Alternatively, the generator reference direction is defined with the reference 
direction for /, chosen as positive out of the machine terminals, as shown in Fig. 5.3b. 
Under this choice of current reference direction, Eq. 5.23 becomes 


A 


V, = —Ral,— jXslat+ Eas (5.24) 


Note that these two representations are equivalent; when analyzing a particular 
synchronous-machine operating condition the actual current will be the same. The 
sign of J, will simply be determined by the choice of reference direction. Either choice 
is acceptable, independent of whether the synchronous machine under investigation 
is operating as a motor or a generator. However, since power tends to flow into a 
motor, it is perhaps intuitively more satisfying to choose a reference direction with 
current flowing into the machine for the analysis of motor operation. The opposite is 
true for generator operation, for which power tends to flow out of the machine. Most 
of the synchronous-machine analysis techniques presented here were first developed 
to analyze the performance of synchronous generators in electric power systems. As 
a result, the generator reference direction is more common and is generally used from 
this point on in the text. 


(b) 


Figure 5.3 Synchronous-machine equivalent circuits: 
(a) motor reference direction and (b) generator reference 
direction. 
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Figure 5.4 Synchronous-machine 
equivalent circuit showing air-gap and 
leakage components of synchronous 
reactance and air-gap voltage. 


Figure 5.4 shows an alternative form of the equivalent circuit in which the syn- 
chronous reactance is shown in terms of its components. From Eq. 5.17 


3 
X, = WeLs = WeLa + We (5tm0) 


where X,; =@L, is the armature leakage reactance and X, = (3 Lago) is the re- 
actance corresponding to the rotating space-fundamental air-gap flux produced by 
the three armature currents. The reactance X, is the effective magnetizing reactance 
of the armature winding under balanced three-phase conditions. The rms voltage Ep 
is the internal voltage generated by the resultant air-gap flux and is usually referred 
to as the air-gap voltage or the voltage “behind” leakage reactance. 

It is important to recognize that the equivalent circuits of Figs. 5.3 and 5.4 are 
single-phase, line-to-neutral equivalent circuits for a three-phase machine operating 
under balanced, three-phase conditions. Thus, once the phase-a voltages and currents 
are found, either from the equivalent circuit or directly from the voltage equations 
(Eqs. 5.23 and 5.24), the currents and voltages for phases b and c can be found simply 
by phase-shifting those of phase a by —120° and 120° respectively. Similarly, the 
total three-phase power of the machine can be found simply by multiplying that of 
phase a by three, unless the analysis is being performed in per unit (see Section 2.9), 
in which case the three-phase, per-unit power is equal to that found from solving for 
phase a alone and the factor of three is not needed. 


EXAMPLE 5.1 


A 60-Hz, three-phase synchronous motor is observed to have a terminal voltage of 460 V 
(line-line) and a terminal current of 120 A at a power factor of 0.95 lagging. The field-current 
under this operating condition is 47 A. The machine synchronous reactance is equal to 1.68 Q 
(0.794 per unit on a 460-V, 100-kVA, 3-phase base). Assume the armature resistance to be 
negligible. 

Calculate (a) the generated voltage EF, in volts, (b) the magnitude of the field-to-armature 
mutual inductance L,-, and (c) the electrical power input to the motor in kW and in horsepower. 
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B Solution 
a. Using the motor reference direction for the current and neglecting the armature resistance, 
the generated voltage can be found from the equivalent circuit of Fig. 5.3a or Eq. 5.23 as 


Ey = v, — jX.l, 
We will choose the terminal voltage as our phase reference. Because this is a line-to- 
neutral equivalent, the terminal voltage V, must be expressed as a line-to-neutral voltage 
~ 460 
V, = —= = 265.6 V, line-to-neutral 
/3 
A lagging power factor of 0.95 corresponds to a power factor angle 9 = 
—cos7! (0.95) = —18.2°. Thus, the phase-a current is 
i, =1202 7 A 
Thus 
Ey = 265.6 — j1.68(120 e /*’) 
= 278.8 e 48 V, line-to-neutral 


and hence, the generated voltage E,; is equal to 278.8 V rms, line-to-neutral. 
b. The field-to-armature mutual inductance can be found from Eq. 5.21. With w, = 1207, 
VZEy V2 x% 279 
Lar — tle — T20n x 47 = 22.3 mH 
c. The three-phase power input to the motor P,, can be found as three times the power input 
to phase a. Hence, 


P., = 3V,1,(power factor) = 3 x 265.6 x 120 x 0.95 
= 90.8 kW = 122 hp 


Mime EXAMPLE 5.2 | 


Assuming the input power and terminal voltage for the motor of Example 5.1 remain constant, 
calculate (a) the phase angle 5 of the generated voltage and (b) the field current required to 
achieve unity power factor at the motor terminals. 


@ Solution 
a. For unity power factor at the motor terminals, the phase-a terminal current will be in 
phase with the phase-a line-to-neutral voltage V,. Thus 


? P, 90.6 kW 


= — = —_—_=]14A 
*" 3V, 3x 265.6V 


From Eq. 5.23, 
Ex = v, = iX.f, 
= 265.6 — j1.68 x 114 = 328 e/** V, line-to-neutral 


Thus, E,, = 328 V line-to-neutral and 6 = —35.8°. 
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b. Having found L.; in Example 5.1, we can find the required field current from Eq. 5.21. 


_V2Es V2 x 328 
~~ @eLa 377 x 0.0223 


| Practice Problem 5.1 | Problem 5.1 


The synchronous machine of Examples 5.1 and 5.2 is to be operated as a synchronous generator. 
For operation at 60 Hz with a terminal voltage of 460 V line-to-line, calculate the field current 
required to supply a load of 85 kW, 0.95 power-factor leading. 


=55.2A 


f 


Solution 
46.3A 


It is helpful to have a rough idea of the order of magnitude of the impedance 
components. For machines with ratings above a few hundred kVA, the armature- 
resistance voltage drop at rated current usually is less than 0.01 times rated voltage; 
i.e., the armature resistance usually is less than 0.01 per unit on the machine rating as a 
base. (The per-unit system is described in Section 2.9.) The armature leakage reactance 
usually is in the range of 0.1 to 0.2 per unit, and the synchronous reactance is typically 
in the range of 1.0 to 2.0 per unit. In general, the per-unit armature resistance increases 
and the per-unit synchronous reactance decreases with decreasing size of the machine. 
In small machines, such as those in educational laboratories, the armature resistance 
may be in the vicinity of 0.05 per unit and the synchronous reactance in the vicinity of 
0.5 per unit. In all but small machines, the armature resistance can usually be neglected 
in most analyses, except insofar as its effect on losses and heating is concerned. 


5.3 OPEN- AND SHORT-CIRCUIT 
CHARACTERISTICS 


The fundamental characteristics of a synchronous machine can be determined by a 
pair of tests, one made with the armature terminals open-circuited and the second 
with the armature terminals short-circuited. These tests are discussed here. Except 
for a few remarks on the degree of validity of certain assumptions, the discussions 
apply to both cylindrical-rotor and salient-pole machines. 


5.3.1 Open-Circuit Saturation Characteristic 
and No-Load Rotational Losses 


Like the magnetization curve for a dc machine, the open-circuit characteristic (also 
referred to as the open-circuit saturation curve) of asynchronous machine is a curve of 
the open-circuit armature terminal voltage (either in volts or in per unit) as a function 
of the field excitation when the machine is running at synchronous speed, as shown by 
curve occ in Fig. 5.5. Typically, the base voltage is chosen equal to the rated voltage 
of the machine. 
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Air-gap line 


Rated 
voltage 


Open-circuit 
armature voltage 


0 bia 
Field current 


Figure 5.5 Open-circuit characteristic 
of a synchronous machine. 


The open-circuit characteristic represents the relation between the space- 
fundamental component of the air-gap flux and the mmf acting on the magnetic 
circuit when the field winding constitutes the only mmf source. Note that the effects 
of magnetic saturation can be clearly seen; the characteristic bends downward with 
increasing field current as saturation of the magnetic material increases the reluctance 
of the flux paths in the machine and reduces the effectiveness of the field current in 
producing magnetic flux. As can be seen from Fig. 5.5, the open-circuit characteristic 
is initially linear as the field current is increased from zero. This portion of the curve 
(and its linear extension for higher values of field current) is known as the air-gap 
line. It represents the machine open-circuit voltage characteristic corresponding to 
unsaturated operation. Deviations of the actual open-circuit characteristic from this 
curve are a measure of the degree of saturation in the machine. 

Note that with the machine armature winding open-circuited, the terminal volt- 
age is equal to the generated voltage Er. Thus the open-circuit characteristic is a 
measurement of the relationship between the field current J; and E,,. It can therefore 
provide a direct measurement of the field-to-armature mutual inductance Lag. 


ne EXAMPLE 5.2 | 


An open-circuit test performed on a three-phase, 60-Hz synchronous generator shows that the 
rated open-circuit voltage of 13.8 kV is produced by a field current of 318 A. Extrapolation 
of the air-gap line from a complete set of measurements on the machine shows that the field- 
current corresponding to 13.8 kV on the air-gap line is 263 A. Calculate the saturated and 
unsaturated values of Lay. 


& Solution 
From Eq. 5.21, Las is found from 


_ V2 Es 


L, 
, Ol; 
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Here, E,, = 13.8kV/ J/3 = 7.97 kV. Hence the saturated value of Lr is given by 


/2(7.97 x 10°) 


= 94 mH 
377 x 318 


(Lat) sat = 


and the unsaturated value is 


J/2(7.97 x 10°) 
Las) unsat = —________ — ]14mH 
Lathan = 359 263 
In this case, we see that saturation reduces the magnetic coupling between the field and 


armature windings by approximately 18 percent. 


| Practice Problem 5.2 | Problem 5.2 


If the synchronous generator of Example 5.3 is operated at a speed corresponding to a generated 
voltage of 50 Hz, calculate (a) the open-circuit line-to-line terminal voltage corresponding to 
a field current of 318 A and (b) the field-current corresponding to that same voltage on the 
50-Hz air-gap line. 


Solution 


a. 11.5kV 
b. 263 A 


When the machine is an existing one, the open-circuit characteristic is usually de- 
termined experimentally by driving the machine mechanically at synchronous speed 
with its armature terminals on open circuit and by reading the terminal voltage cor- 
responding to a series of values of field current. If the mechanical power required to 
drive the synchronous machine during the open-circuit test is measured, the no-load 
rotational losses can be obtained. These losses consist of friction and windage losses 
associated with rotation as well as the core loss corresponding to the flux in the ma- 
chine at no load. The friction and windage losses at synchronous speed are constant, 
while the open-circuit core loss is a function of the flux, which in turn is proportional 
to the open-circuit voltage. 

The mechanical power required to drive the machine at synchronous speed and 
unexcited is its friction and windage loss. When the field is excited, the mechanical 
power equals the sum of the friction, windage, and open-circuit core loss. The open- 
circuit core loss therefore can be found from the difference between these two values 
of mechanical power. A typical curve of open-circuit core loss as a function of open- 
circuit voltage takes the form of that found in Fig. 5.6. 


5.3.2 Short-Circuit Characteristic and Load Loss 


A short-circuit characteristic can be obtained by applying a three-phase short circuit 
through suitable current sensors to the armature terminals of a synchronous machine. 
With the machine driven at synchronous speed, the field current can be increased 
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Open-circuit core loss 


Open-circuit voltage 


Figure 5.6 Typical form of an 
open-circuit core-loss curve. 


and a plot of armature current versus field current can be obtained. This relation is 
known as the short-circuit characteristic. An open-circuit characteristic occ and a 
short-circuit characteristic scc are shown in Fig. 5.7. 

With the armature short-circuited, V, = 0 and, from Eq. 5.24 (using the generator 
reference direction for current) 


Eup = 14(Ra + Xs) (5.26) 


The corresponding phasor diagram is shown in Fig. 5.8. Because the resistance is 
much smaller than the synchronous reactance, the armature current lags the excitation 
voltage by very nearly 90°. Consequently the armature-reaction-mmf wave is very 
nearly in line with the axis of the field poles and in opposition to the field mmf, as 
shown by phasors A and F representing the space waves of armature reaction and 
field mmf, respectively. 

The resultant mmf creates the resultant air-gap flux wave which generates the 
air-gap voltage Ep (see Fig. 5.4) equal to the voltage consumed in armature resistance 


Air-gap line 


(ordinates for occ) 


Open-circuit voltage 
Short-circuit armature current 
(ordinates for scc) 


x 


O 
Field excitation 


Figure 5.7 Open- and short-circuit 
characteristics of a synchronous 
machine. 
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Axis of 

field 

Figure 5.8 Phasor diagram for short-circuit 
conditions. 


R, and leakage reactance X,); as an equation, 
Ep = 1,(Ra + jXa) (5.27) 


In many synchronous machines the armature resistance is negligible, and the 
leakage reactance is between 0.10 and 0.20 per unit; a representative value is about 
0.15 per unit. That is, at rated armature current the leakage reactance voltage drop is 
about 0.15 per unit. From Eq. 5.27, therefore, the air-gap voltage at rated armature 
current on short circuit is about 0.15 per unit; i.e., the resultant air-gap flux is only 
about 0.15 times its normal voltage value. Consequently, the machine is operating 
in an unsaturated condition. The short-circuit armature current, therefore, is directly 
proportional to the field current over the range from zero to well above rated armature 
current; it is thus a straight line as can be seen in Fig. 5.7. 

The unsaturated synchronous reactance (corresponding to unsaturated operat- 
ing conditions within the machine) can be found from the open- and short-circuit 
characteristics. At any convenient field excitation, such as Of in Fig. 5.7, the arma- 
ture current on short circuit is O’b, and the unsaturated generated voltage for the same 
field current corresponds to Oa, as read from the air-gap line. Note that the voltage 
on the air-gap line should be used because the machine is assumed to be operating in 
an unsaturated condition. If the line-to-neutral voltage corresponding to Oa is Va,ag 
and the armature current per phase corresponding to O’b is I,,s:, then from Eq. 5.26, 
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with armature resistance neglected, the unsaturated synchronous reactance X¢,y is 
(5.28) 


where the subscripts “ag” and “sc” indicate air-gap line conditions and short-circuit 
conditions, respectively. If Va ag and Jas; are expressed in per unit, the synchronous 
reactance will be in per unit. If Vaag and /,,s, are expressed in rms line-to-neutral 
volts and rms amperes per phase, respectively, the synchronous reactance will be in 
ohms per phase. 

Note that the synchronous reactance in ohms is calculated by using the phase or 
line-to-neutral voltage. Often the open-circuit saturation curve is given in terms of the 
line-to-line voltage, in which case the voltage must be converted to the line-to-neutral 
value by dividing by /3. 

For operation at or near rated terminal voltage, it is sometimes assumed that the 
machine is equivalent to an unsaturated one whose magnetization line is a straight 
line through the origin and the rated-voltage point on the open-circuit characteristic, 
as shown by the dashed line Op in Fig. 5.9. According to this approximation, the 
saturated value of the synchronous reactance at rated voltage Va rated iS 


Va, rated 


rT 


(5.29) 
where J; is the armature current O’c read from the short-circuit characteristic at 
the field current Of’ corresponding to Va rateq on the open-circuit characteristic, as 
shown in Fig. 5.9. As with the unsaturated synchronous reactance, if Varatea and 1; 
are expressed in per unit, the synchronous reactance will be in per unit. If Va satea and 
I} are expressed in rms line-to-neutral volts and rms amperes per phase, respectively, 
the synchronous reactance will be in ohms per phase. This method of handling the 


¢ occ 


a, rated 


Open-circuit voltage 


Short-circuit 
armature current 


Field excitation 


Figure 5.9 Open- and short-circuit 
characteristics showing equivalent 
magnetization line for saturated 
operating conditions. 
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effects of saturation, which assumes that the effects of saturation can be described 
by a single value of saturated reactance, usually gives satisfactory results when great 
accuracy is not required. 

The short-circuit ratio (SCR) is defined as the ratio of the field current required 
for rated voltage on open circuit to the field current required for rated armature current 
on short circuit. That is, in Fig. 5.9 


Of 
Of vy 


SCR = (5.30) 
It can be shown that the SCR is the reciprocal of the per-unit value of the saturated 
synchronous reactance found from Eq. 5.29. It is common to refer to the field current 
Of’ required to achieve rated-open-circuit voltage as AFNL (Amperes Field No Load) 
and the field current Of” required to achieve rated-short-circuit current as AFSC 
(Amperes Field Short Circuit). Thus, the short-circuit ratio can also be written as 


_ AFNL 
~ AFSC 


EXAMPLE 5.4 


The following data are taken from the open- and short-circuit characteristics of a 45-kVA, three- 
phase, Y-connected, 220-V (line-to-line), six-pole, 60-Hz synchronous machine. From the 
open-circuit characteristic: 


SCR (5.31) 


Line-to-line voltage = 220V_ ‘Field current = 2.84A 


From the short-circuit characteristic: 


Armature current, A 118 152 
Field current, A 2.20 2.84 


From the air-gap line: 
Field current = 2.20A _Line-to-line voltage = 202 V 


Compute the unsaturated value of the synchronous reactance, its saturated value at rated 
voltage in accordance with Eq. 5.29, and the short-circuit ratio. Express the synchronous 
reactance in ohms per phase and in per unit on the machine rating as a base. 


Solution 
At a field current of 2.20 A the line-to-neutral voltage on the air-gap line is 
202 
Vig = —= = 116.7V 
5-4 V3 


and for the same field current the armature current on short circuit is 


lng = 118A 
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From Eq. 5.28 


116.7 
= — = 0.987 Q/ph 
Xsu 118 0.987 92/phase 


Note that rated armature current is 
‘i _ 45,000 
a,rated V3 - 220 
Therefore, J, .. = 1.00 per unit. The corresponding air-gap-line voltage is 
202 


= 118A 


Vig = 07 0.92 per unit 
From Eq. 5.28 in per unit 
0.92 
Xi 7007 0.92 per unit 


The saturated synchronous reactance can be found from the open- and short-circuit 
characteristics and Eq. 5.29 


V, rated = (220/73) 


= = =0. Q/ph 
Xx, Tr 152 0.836 &2/phase 
In per unit /’ = 4 = 1.29, and from Eq. 5.29 
1.00 
X, = —— =0.77 i 
139 775 per unit 


Finally, from the open- and short-circuit characteristics and Eq. 5.30, the short-circuit 
ratio is given by 


SCR = pa = 1.29 
2.20 


Note that as was indicated following Eq. 5.30, the inverse of the short-circuit ratio is equal to 
the per-unit saturated synchronous reactance 


xX,==— = ~ 5 = 0.775 per unit 
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| Practice Problem 5.3 | Problem 5.3 


Calculate the saturated synchronous reactance (in &2/phase and per unit) of a 85-kVA syn- 
chronous machine which achieves its rated open-circuit voltage of 460 V at a field current 
8.7 A and which achieves rated short-circuit current at a field current of 11.2 A. 


Solution 
X, = 3.21 Q/phase = 1.29 per unit 


If the mechanical power required to drive the machine is measured while the 
short-circuit test is being made, information can be obtained regarding the losses 
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Short-circuit load loss 


Losses 


Stray load loss 


Armature current 


Figure 5.10 Typical form of 
short-circuit load loss and stray load 
loss curves. 


caused by the armature current. Because the machine flux level is low under short- 
circuit conditions, the core loss under this condition is typically considered to be 
negligible. The mechanical power required to drive the synchronous machine during 
the short-circuit test then equals the sum of friction and windage loss (determined 
from the open-circuit test at zero field current) plus losses caused by the armature 
current. The losses caused by the armature current can then be found by subtracting 
friction and windage from the driving power. The losses caused by the short-circuit 
armature current are known collectively as the short-circuit load loss. A curve showing 
the typical form of short-circuit load loss plotted against armature current is shown 
in Fig. 5.10. Typically, it is approximately parabolic with armature current. 

The short-circuit load loss consists of J7R loss in the armature winding, local 
core losses caused by the armature leakage flux, and the very small core loss caused 
by the resultant flux. The dc resistance loss can be computed if the dc resistance is 
measured and corrected, when necessary, for the temperature of the windings during 
the short-circuit test. For copper conductors 


Rr 234.547 


— = 5.32 
R, 234.5 +t One) 


where Ry and R, are the resistances at Celsius temperatures T and ft, respectively. 
If this dc resistance loss is subtracted from the short-circuit load loss, the difference 
will be the loss due to skin effect and eddy currents in the armature conductors plus 
the local core losses caused by the armature leakage flux. This difference between the 
short-circuit load loss and the dc resistance loss is the additional loss caused by the 
alternating current in the armature. It is the stray-load loss described in Appendix D, 
commonly considered to have the same value under normal load conditions as on short 
circuit. It is a function of the armature current, as shown by the curve in Fig. 5.10. 
As with any ac device, the effective resistance of the armature Ra tg can be 
computed as the power loss attributable to the armature current divided by the square of 
the current. On the assumption that the stray load loss is a function of only the armature 
current, the effective resistance of the armature can be determined from the short- 
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circuit load loss: 


short-circuit load loss (5.33) 


Ra eff = 7 5 z 
(short-circuit armature current) 


If the short-circuit load loss and armature current are in per unit, the effective resistance 
will be in per unit. If they are in watts per phase and amperes per phase, respectively, 
the effective resistance will be in ohms per phase. Usually it is sufficiently accurate 
to find the value of Ra ef at rated current and then to assume it to be constant. 


For the 45-kVA, three-phase, Y-connected synchronous machine of Example 5.4, at rated 
armature current (118 A) the short-circuit load loss (total for three phases) is 1.80 kW at a 
temperature of 25°C. The dc resistance of the armature at this temperature is 0.0335 &2/phase. 
Compute the effective armature resistance in per unit and in ohms per phase at 25°C. 


@ Solution 
The short-circuit load loss is 1.80/45 = 0.040 per unit at 7, = 1.00 per unit. Therefore, 


0.040 


= (1.002 = 0.040 per unit 


a,eff 


Ona per-phase basis the short-circuit load loss is 1800/3 = 600 W/phase and consequently 
the effective resistance is 


600 
Rie = (118)? = 0.043 2/phase 
The ratio of ac-to-dce resistance is 
Raett = 0.043 = 1.28 
Rade 9.0335 


Because this is a small machine, its per-unit resistance is relatively high. The effective 
armature resistance of machines with ratings above a few hundred kilovoltamperes usually is 
less than 0.01 per unit. 


| Practice Problem 5.4 | Problem 5.4 


Consider a three-phase 13.8 kV 25-MVA synchronous generator whose three-phase short- 
circuit loss is 52.8 kW at rated armature current. Calculate (a) its rated armature current and 
(b) its effective armature resistance in 92/phase and in per unit. 


Solution 


a. 1046A 
b. Raet = 0.0161 Q/phase = 0.0021 per unit 


CHAPTER 5 Synchronous Machines 


5.4 STEADY-STATE POWER-ANGLE 
CHARACTERISTICS 


The maximum power a synchronous machine can deliver is determined by the max- 
imum torque which can be applied without loss of synchronism with the external 
system to which it is connected. The purpose of this section is to derive expressions 
for the steady-state power limits of synchronous machines in simple situations for 
which the external system can be represented as an impedance in series with a voltage 
source. 

Since both the external system and the machine itself can be represented as an 
impedance in series with a voltage source, the study of power limits becomes merely 
a special case of the more general problem of the limitations on power flow through 
a series impedance. The impedance will include the synchronous impedance of the 
synchronous machine as well as an equivalent impedance of the external system 
(which may consist of transmission lines and transformer banks as well as additional 
synchronous machines). 

Consider the simple circuit of Fig. 5.11a, consisting of two ac voltages E; and 
E> connected by an impedance Z = R + jX through which the current is 7. The 
phasor diagram is shown in Fig. 5.11b. Note that in this phasor diagram, the reference 
direction for positive angles is counter-clockwise. Thus, in Fig. 5.11b, the angle 4 is 
positive while the angle ¢ can be seen to be negative. 

The power P2 delivered through the impedance to the load-end voltage source 
E 2 is 

P» = EI cos (5.34) 
where ¢ is the phase angle of / with respect to E>. The phasor current is 
E, - £2 


i= —— 3.35 
Z (5.35) 


(a) (b) 


Figure 5.11 (a) Impedance interconnecting two voitages; 
(b) phasor diagram. 
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If the phasor voltages and the impedance are expressed in polar form, 


E, = E ef (5.36) 
E, = Ey (5.37) 
Z=R+jX =(|Z| e/%z (5.38) 


where 4 is the phase angle by which E leads E. and ¢z = tan~! (X/R) is the phase 
angle of the impedance Z, then 


E,e®-—E, E E 


P=7a¢ = ~F2 Fl 4 i6-62) _. £2 9 idz 53 
OT [zfeiee = Tz ° IZ| Ree 
Taking the real part of Eq. 5.39 gives 
E E 
Icos¢ = =" 60s (5 — oz) - = cos (-¢z) (5.40) 


\Z| |Z| 


Noting that cos (—¢z) =cos ¢z = R/|Z| we see that substitution of Eq. 5.40 in 
Eq. 5.34 gives 


1E2 EZR 
P, = ) —— 5.41 
2= 7 cos (5 — 7) Zp (5.41) 
or 
E\E, , ER 
Py = 5 — —— 5.42 
2= Fi sin (5 + az) Zp (5.42) 
where 
° f{R 
az = 90° — oz = tan X (5.43) 
Similarly power P; at source end EF of the impedance can be expressed as 
E\E> , E?R 
Pi = §— —— 5.44 
= "7 sin (5 — az) + Ze (5.44) 


If, as is frequently the case, the resistance is negligible, then R < |Z|, |Z| + X and 
az © 0 and hence 


E\E. 
P=zR= - sind (5.45) 


Equation 5.45 is a very important equation in the study of synchronous machines 
and indeed in the study of ac power systems in general. When applied to the situation 
of a synchronous machine connected to an ac system, Eq. 5.45 is commonly referred 
to as the power-angle characteristic for a synchronous machine, and the angle 6 is 
known as the power angle. If the resistance is negligible and the voltages are constant, 
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then from Eq. 5.45 the maximum power transfer 


E\ E> 
X 


P\ max = P2 max = (5.46) 
occurs when 5 = +90°. Note that if 5 is positive, E leads E | and, from Eq. 5.45, 
power flows from source Eto Ep. Similarly, when 4 is negative, Ey lags E, and power 
flows from source E 2 to E t: 

Equation 5.45 is valid for any voltage sources E, and £, separated by a reactive 
impedance jX. Thus for a synchronous machine with generated voltage E4. and 
synchronous reactance X, connected to a system whose Thevenin equivalent is a 
voltage source Vig in series with a reactive impedance j Xxgq, as shown in Fig. 5.12, 
the power-angle characteristic can be written 


Eat Veg 


= ———~ sind 5.47 
es a (5.47) 


where P is the power transferred from the synchronous machine to the system and 5 
is the phase angle of E af With respect to Vag. 

In a similar fashion, it is possible to write a power-angle characteristic in terms of 
X,, Ep, the terminal voltage V,, and the relative angle between them, or alternatively 
XgQ, Va and Vgg and their relative angle. Although these various expressions are 
equally valid, they are not equally useful. For example, while Es and Veg remain 
constant as P is varied, V, will not. Thus, while Eq. 5.47 gives an easily solved relation 
between P and 5, a power-angle characteristic based upon V, cannot be solved without 
an additional expression relating V, to P. 

It should be emphasized that the derivation of Eqs. 5.34 to 5.47 is based on 
a single-phase ac circuit. For a balanced three-phase system, if EF, and E> are the 
line-neutral voltages, the results must be multiplied by three to get the total three- 
phase power; alternatively E; and Ez can be expressed in terms of the line-to-line 
voltage (equal to /3 times the line-neutral voltage), in which case the equations give 
three-phase power directly. 

When the power expression of Eq. 5.45 is compared with the expression of 
Eq. 5.1 for torque in terms of interacting flux and mmf waves, they are seen to 


Generator Thevenin equivalent 
for the externa] system 


Figure 5.12 Equivalent-circuit representation 
of a synchronous machine connected to an 
external system. 
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be of the same form. This is no coincidence. Remember that torque and power are 
proportional when, as here, speed is constant. What we are really saying is that Eq. 5.1, 
applied specifically to an idealized cylindrical-rotor machine and translated to circuit 
terms, becomes Eq. 5.45. A quick mental review of the background of each relation 
should show that they stem from the same fundamental considerations. 

From Eq. 5.47 we see that the maximum power transfer associated with 
synchronous-machine operation is proportional to the magnitude of the system volt- 
age, corresponding to Vgq, as well as to that of the generator internal voltage Er. 
Thus, for constant system voltage, the maximum power transfer can be increased by 
increasing the synchronous-machine field current and thus the internal voltage. Of 
course, this cannot be done without limit; neither the field current nor the machine 
fluxes can be raised past the point where cooling requirements fail to be met. 

In general, stability considerations dictate that a synchronous machine achieve 
steady-state operation for a power angle considerably less than 90°. Thus, for a given 
system configuration, it is necessary to ensure that the machine will be able to achieve 
its rated operation and that this operating condition will be within acceptable operating 
limits for both the machine and the system. 


es EXAMPLE 5.6 | 


A three-phase, 75-MVA, 13.8-kV synchronous generator with saturated synchronous reactance 
X, = 1.35 per unit and unsaturated synchronous reactance X,,, = 1.56 per unit is connected to 
an external system with equivalent reactance Xpq = 0.23 per unit and voltage Veg = 1.0 per 
unit, both on the generator base. It achieves rated open-circuit voltage at a field current of 
297 amperes. 


a. Find the maximum power Pnx (in MW and per unit) that can be supplied to the external 
system if the internal voltage of the generator is held equal to 1.0 per unit. 

b. Using MATLAB, plot the terminal voltage of the generator as the generator output is 
varied from zero to Pina, under the conditions of part (a). 

c. Now assume that the generator is equipped with an automatic voltage regulator which 
controls the field current to maintain constant terminal voltage. If the generator is loaded 
to its rated value, calculate the corresponding power angle, per-unit internal voltage, and 
field current. Using MATLAB, plot per-unit EZ, as a function of per-unit power. 


# Solution 
a. From Eq. 5.47 


EurVi 
Prax = ——— 
X, + XxgQ 


Note that although this is a three-phase generator, no factor of 3 is required because we are 
working in per unit. 


* MATLAB is a registered trademark of The MathWorks, Inc. 
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Terminal voltage vs. power angle for part (b) 


T T 


Terminal voltage [per unit] 


| 
0 10 20 30 =40 50 60 70 80 =. 90 
Power angle, delta [degrees] 


(a) 


Eaf vs. power for part (c) 


Eaf [per unit] 
ve 


122 


1.1 


0 01 #02 03 04 O05 O06 07 O08 09 1 
Power [per unit] 


(b) 


Figure 5.13 Example 5.6. (a) MATLAB plot of terminal voltage vs. 6 
for part (b). (6) MATLAB plot of Ea vs. power for part (c). 
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Because the machine is operating with a terminal voltage near its rated value, we 
should express P,,,, in terms of the saturated synchronous reactance. Thus 


1 
Prax = 13540237 0.633 per unit = 47.5 MW 

b. From Fig 5.12, the generator terminal current is given by 
A Es — Veo _ Ex 8 — Veg ~ eJ5 — 1.0 


— 


~ j&e+Xeo) F(X +Xeq) 1.58 


The generator terminal voltage is then given by 
“ n roe 23 is 
Va = Veg + jXugls = 1.0+ Se! — 1.0) 


Figure 5.13a is the desired MATLAB plot. The terminal voltage can be seen to vary 
from 1.0 at 5 = 0° to approximately 0.87 at 5 = 90°. 
c. With the terminal voltage held constant at V, = 1.0 per unit, the power can be expressed as 


VV, 1 
P = 8 sind, = —— sind, = 4.35 sind 
Kw 0.23 


where 6; is the angle of the terminal voltage with respect to Vous 
For P = 1.0 per unit, 5, = 13.3° and hence / is equal to 


o Jot ; 

7, = Vee a Vee _ 1 997 cio" 
I XeQ 

and 


Bus = Veq + j (Xe + Xs)ha = 1.78 027 


or E,, = 1.78 per unit, corresponding to a field current of ; = 1.78 x 297 = 
529 amperes. The corresponding power angle is 62.7°. 

Figure 5.13b is the desired MATLAB plot. E,,¢ can be seen to vary from 1.0 at P = 0 
to 1.78 at P = 1.0. 


Here is the MATLAB script: 


elec 
clear 


2 


% Solution for part (b) 


System parameters 


Veg = 1.0; 
Eaf = 1.0; 
Xeq = .23; 
xs eS L).353 


% Solve for Va as delta varies from 0 to 90 degrees 
for n = 1:101 
delta(n) = (pi/2.)*(n-1)/100; 
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Ta(n) = (Baf *exp(j*delta(n)) - Veq)/(j* (Xs + Xeq)); 
Va(n) = abs(Veq + j*Xeq*Ia(n)); 

degrees(n) = 180*delta(n)/pi; 

end 


%SNow plot the results 

plot (degrees, Va) 

xlabel(’Power angle, delta [degrees}’) 
ylabel(’Terminal voltage [per unit]’) 

title(’Terminal voltage vs. power angle for part (b)’) 


fprintf(’\n\nHit any key to continue\n’) 
pause 


% Solution for part ({c) 

%Set terminal voltage to unity 
Vterm = 1.0; 

for n = 1:101 


P{n) = (n-1)/100; 

deltat(n) = asin(P(n)*Xeq/ (Vterm*Veq) ); 

Ia(n) = (Vterm *exp(j*deltat(n)) - Veq)/(4*Xeq); 
Eaf(n) = abs(Vterm + j* (Xs+Xeq)*Ia(n)); 

end 


Now plot the results 

plot (P, Eaf) 

xlabel(’Power [per unit]’) 
ylabel(’Eaf [per unit]’) 

title(’Eaf vs. power for part (c)’) 


| Practice Problem 5.5 | Problem 5.5 


Consider the 75-MVA, 13.8 kV machine of Example 5.6. It is observed to be operating at 
terminal voltage of 13.7 kV and an output power of 53 MW at 0.87 pf lagging. Find (a) the 
phase current in kA, (b) the internal voltage in per unit, and (c) the corresponding field current 
in amperes. 
Solution 

a. 1, =2.57kA 


b. Eu, = 1.81 per unit 
c. J; = 538 amperes 


EXAMPLE 5.7 


A 2000-hp, 2300-V, unity-power-factor, three-phase, Y-connected, 30-pole, 60-Hz synchronous 
motor has a synchronous reactance of 1.95 2/phase. For this problem all losses may be 
neglected. 


5.4 Steady-State Power-Angle Characteristics 


I y, i: 
> 2 I, Xog Xom 
HaXsm THO $V 
+ + 
E vfs V, Extm 
Extn = 
(b) (c) 
Ph jf Koy 
if aXsm 
E atm 


(d) 


Figure 5.14 Equivalent circuits and phasor diagrams for Example 5.7. 


a. Compute the maximum power and torque which this motor can deliver if it is supplied 
with power directly from a 60-Hz, 2300-V infinite bus. Assume its field excitation is 
maintained constant at the value which would result in unity power factor at rated load. 

b. Instead of the infinite bus of part (a), suppose that the motor is supplied with power from 
a three-phase, Y-connected, 2300-V, 1500-kVA, two-pole, 3600 r/min turbine generator 
whose synchronous reactance is 2.65 {2/phase. The generator is driven at rated speed, and 
the field excitations of generator and motor are adjusted so that the motor runs at unity 
power factor and rated terminal voltage at full load. Calculate the maximum power and 
torque which could be supplied corresponding to these values of field excitation. 


# Solution 

Although this machine is undoubtedly of the salient-pole type, we will solve the problem 
by simple cylindrical-rotor theory. The solution accordingly neglects reluctance torque. The 
machine actually would develop a maximum torque somewhat greater than our computed value, 
as discussed in Section 5.7. 


a. The equivalent circuit is shown in Fig. 5.14a and the phasor diagram at full load in 
Fig. 5.14b, where E afm 1S the generated voltage of the motor and X,,, is its synchronous 
reactance. From the motor rating with losses neglected, 


Rated kVA = 2000 x 0.746 = 1492 kVA, three-phase 
= 497 kVA/phase 
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23 

Rated voltage = a = 1328 V line-to-neutral 
V3 

Rated current = = = 374 A/phase-Y 


From the phasor diagram at full load 


Exim = V V2 + (a Xom)? = 1515 V 


When the power source is an infinite bus and the field excitation is constant, V, and 
E.fm are constant. Substitution of V, for E,, Ear for E2, and X,, for X in Eq. 5.46 then 
gives 
V,Ewm 1328 x 1515 
Xm «495 
= 3096 kW, three-phase 


Prat = = 1032 kW/phase 


In per unit, Prax = 3096/1492 = 2.07 per unit. Because this power exceeds the motor 
rating, the motor cannot deliver this power for any extended period of time. 
With 30 poles at 60 Hz, the synchronous angular velocity is found from Eq. 4.40 


2 2 
@, = (=) We = () (2760) = 87 rad/sec 


Prax _ 3096 x 10° 
Oo 87 

b. When the power source is the turbine generator, the equivalent circuit becomes that shown 
in Fig. 5.14c, where E afg 1S the generated voltage of the generator and X,, is its 
synchronous reactance. Here the synchronous generator is equivalent to an external 
voltage Veg and reactance Xgo as in Fig. 5.12. The phasor diagram at full motor load, 
unity power factor, is shown in Fig. 5.14d. As before, V, = 1330 V/phase at full load and 
E.tm = 1515 V/phase. 

From the phasor diagram 


Ente = V V2 + (1,X sg)? = 1657 Vv 


Since the field excitations and speeds of both machines are constant, E,r, and Engm are 
constant. Substitution of Eur. for £1, Eamm for E2, and X.g + Xsm for X in Eq. 5.46 then 
gives 


and hence 


= 123.2kKN-m 


Trax = 


EstgEstm _ 1657 x 1515 


Poax = —— = —————_ = 546 kW/ph 
[ars oe 4.60 eee 
= 1638 kW, three-phase 
In per unit, Pax = 1638/1492 = 1.10 per unit. 
Pmax 1635 x 10° 
Tmax = = leat ° = 65.2kN-m 
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Synchronism would be lost if a load torque greater than this value were applied to 
the motor shaft. Of course, as in part (a), this loading exceeds the rating of the motor and 
could not be sustained under steady-state operating conditions. 


| Practice Problem 5.6 | Problem 5.6 


If the excitation system of the generator of Example 5.7 becomes damaged and must be limited 
to supplying only one half of the field excitation of part (b) of the example, calculate the 


maximum power which can be supplied to the motor. 


Solution 
819 kW 


5.5 STEADY-STATE OPERATING 
CHARACTERISTICS 


The principal steady-state operating characteristics of a synchronous machine are 
described by the interrelations between terminal voltage, field current, armature cur- 
rent, power factor, and efficiency. A selection of performance curves of importance 
in practical application of synchronous machines are presented here. 

Consider a synchronous generator delivering power at constant frequency and 
rated terminal voltage to a load whose power factor is constant. The curve showing the 
field current required to maintain rated terminal voltage as the constant-power-factor 
load is varied is known as a compounding curve. The characteristic form of three 
compounding curves at various constant power factors are shown in Fig. 5.15. 

Synchronous generators are usually rated in terms of the maximum apparent 
power (kVA or MVA) load at a specific voltage and power factor (often 80, 85, or 
90 percent lagging) which they can carry continuously without overheating. The 
real power output of the generator is usually limited to a value within the apparent 


0.8 pf lag 


1.0 pf 


0.8 pf lead 


1 
! 
I 
I 
Rated load 

~ > 
Load kVA or armature current 


Field excitation required 
to maintain rated V, 


Figure 5.15 Characteristic form of 
synchronous-generator compounding 
curves. 
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power rating by the capability of its prime mover. By virtue of its voltage-regulating 
system (which controls the field current in response to the measured value of terminal 
voltage), the machine normally operates at a constant terminal voltage whose value 
is within +5 percent of rated voltage. When the real-power loading and voltage 
are fixed, the allowable reactive-power loading is limited by either armature- or field- 
winding heating. A typical set of capability curves for a large, hydrogen-cooled turbine 
generator is shown in Fig. 5.16. They give the maximum reactive-power loadings 
corresponding to various real power loadings with operation at rated terminal voltage. 
Note that the three-curves seen in the figure correspond to differing pressure of the 
hydrogen cooling gas. As can be seen, increasing the hydrogen pressure improves 
cooling and permits a larger overall loading of the machine. 

Armature-winding heating is the limiting factor in the region from unity to rated 
power factor (0.85 lagging power factor in Fig. 5.16). For example, for a given real- 
power loading, increasing the reactive power past a point on the armature-heating 
limited portion of the capability curve will result in an armature current in excess 
of that which can be succesfully cooled, resulting in armature-winding temperatures 
which will damage the armature-winding insulation and degrade its life. Similarly, 
for lower power factors, field-winding heating is the limiting factor. 

Capability curves provide a valuable guide both to power system planners and to 
operators. As system planners consider modifications and additions to power systems, 
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Figure 5.16 Capability curves of an 0.85 power factor, 0.80 short-circuit 
ratio, hydrogen-cooled turbine generator. Base MVA is rated MVA at 0.5 psig 
hydrogen. 
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they can readily see whether the various existing or proposed generators can safely 
supply their required loadings. Similarly, power system operators can quickly see 
whether individual generators can safely respond to changes in system loadings which 
occur during the normal course of system operation. 

The derivation of capability curves such as those in Fig. 5.16 can be seen as 
follows. Operation under conditions of constant terminal voltage and armature current 
(at the maximum value permitted by heating limitations) corresponds to a constant 
value of apparent output power determined by the product of terminal voltage and 
current. Since the per-unit apparent power is given by 


Apparent power = \/ P? + Q? = V, I, (5.48) 


where P represents the per-unit real power and Q represents the per-unit reactive 
power, we see that a constant apparent power corresponds to a circle centered on 
the origin on a plot of reactive power versus real power. Note also from Eq. 5.48, 
that, for constant terminal voltage, constant apparent power corresponds to constant 
armature-winding current and hence constant armature-winding heating. Such a cir- 
cle, corresponding to the maximum acceptable level of armature heating, is shown in 
Fig. 5.17. 

Similarly, consider operation when terminal voltage is constant and field current 
(and hence E,) is limited to a maximum value, also determined by heating limitations. 


Field heating limit 


Machine rating 


Armature 
heating limit 


Figure 5.17 Construction used for the 
derivation of a synchronous generator 
capability curve. 
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In per unit, 
P-jg=V,l, (5.49) 
From Eq. 5.24 (with R, = 0) 
Ew =Vat iXsla (5.50) 
Equations 5.49 and 5.50 can be solved to yield 
V2\? — (VaEa \’ 
eG) ae) o 
This equation corresponds to a circle centered at Q = — (v2 / Xs) in Fig. 5.17 and 


determines the field-heating limitation on machine operation shown in Fig. 5.16. It is 
common to specify the rating (apparent power and power factor) of the machine as the 
point of intersection of the armature- and field-heating limitation curves. 

For a given real-power loading, the power factor at which a synchronous machine 
operates, and hence its armature current, can be controlled by adjusting its field 
excitation. The curve showing the relation between armature current and field current 
at a constant terminal voltage and with a constant real power is known as a V curve 
because of its characteristic shape. A family of V curves for a synchronous generator 
takes the form of those shown in Fig. 5.18. 

For constant power output, the armature current is minimum at unity power fac- 
tor and increases as the power factor decreases. The dashed lines are loci of constant 
power factor; they are the synchronous-generator compounding curves (see Fig. 5.15) 
showing how the field current must be varied as the load is changed to maintain con- 
stant power factor. Points to the right of the unity-power-factor compounding curve 
correspond to overexcitation and lagging power factor; points to the left correspond 


Per-unit 0.8 pf 
power output lead 1.0 pf 0.8 pf 
00.2505 0.75 1.0)! / lag 
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Figure 5.18 Typical form of synchronous-generator 
V curves. 
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to underexcitation and leading power factor. Synchronous-motor V curves and com- 
pounding curves are very similar to those of synchronous generators. In fact, if it were 
not for the small effects of armature resistance, motor and generator compounding 
curves would be identical except that the lagging- and leading-power-factor curves 
would be interchanged. 

As in all electromechanical machines, the efficiency of a synchronous machine 
at any particular operating point is determined by the losses which consist of /7R 
losses in the windings, core losses, stray-load losses, and mechanical losses. Because 
these losses change with operating condition and are somewhat difficult to measure 
accurately, various standard procedures have been developed to calculate the effi- 
ciency of synchronous machines.” The general principles for these calculations are 
described in Appendix D. 


| EXAMPLE 5.8 | 5.8 


Data are given in Fig. 5.19 with respect to the losses of the 45-kVA synchronous machine of 
Examples 5.4 and 5.5. Compute its efficiency when it is running as a synchronous motor at a 
terminal voltage of 220 V and with a power input to its armature of 45 kVA at 0.80 lagging 
power factor. The field current measured in a load test taken under these conditions is /; (test) = 
5.50 A. Assume the armature and field windings to be at a temperature of 75°C. 


Solution 
For the specified operating conditions, the armature current is 
45 x 10° 


I, = ——— = 113A 
J3 x 230 


The J?R losses must be computed on the basis of the dc resistances of the windings at 
75°C. Correcting the winding resistances by means of Eq. 5.32 gives 


Field-winding resistanceR; at 75°C = 35.5 Q 
Armature de resistanceR, at 75°C = 0.0399 Q2/phase 


The field 77R loss is therefore 
IER, = 5.50? x 35.5 = 1.07 kW 


According to ANSI standards, losses in the excitation system, including those in any field- 
rheostat, are not charged against the machine. 
The armature I? R loss is 


312R, =3 x 113? x 0.0399 = 1.53 kW 


and from Fig. 5.19 at J, = 113 A the stray-load loss = 0.37 kW. The stray-load loss is considered 
to account for the losses caused by the armature leakage flux. According to ANSI standards, 
no temperature correction is to be applied to the stray load loss. 


2 See, for example, IEEE Std. 115-1995, “IEEE Guide: Test Procedures for Synchronous Machines,” 
Institute of Electrical and Electronic Engineers, Inc., 345 East 47th Street, New York, New York, 10017 
and NEMA Standards Publication No. MG-1-1998, “Motors and Generators,” National Electrical 
Manufacturers Association, 1300 North 17th Street, Suite 1847, Rosslyn, Virginia, 22209. 
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Friction and windage loss = 0.91 kW 


Armature dc resistance at 25°C = 0.0335 {2 per phase 
Field-winding resistance at 25°C = 29.8 &2 


Figure 5.19 Losses in a three-phase, 45-kVA, Y-connected, 220-V, 
60-Hz, six-pole synchronous machine (Example 5.8). 


Core loss under load is primarily a function of the main core flux in the motor. As is 
discussed in Chapter 2, the voltage across the magnetizing branch in a transformer (corre- 
sponding to the transformer core flux) is calculated by subtracting the leakage impedance drop 
from the terminal voltage. In a directly analogous fashion, the main core flux in a synchronous 
machine (i.e., the air-gap flux) can be calculated as the voltage behind the leakage impedance 
of the machine. Typically the armature resistance is small, and hence it is common to ignore 
the resistance and to calculate the voltage behind the leakage reactance. The core loss can then 
be estimated from the open-circuit core-loss curve at the voltage behind leakage reactance. 

In this case, we do not know the machine leakage reactance. Thus, one approach would 
be simply to assume that the air-gap voltage is equal to the terminal voltage and to determine 
the core-loss under load from the core-loss curve at the value equal to terminal voltage.? In this 
case, the motor terminal voltage is 230 V line-to-line and thus from Fig. 5.19, the open-circuit 
core loss is 1.30 kW. 


3 Although not rigorously correct, it has become common practice to ignore the leakage impedance drop 
when determining the under-load core loss. 
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To estimate the effect of ignoring the leakage reactance drop, let us assume that the 
leakage reactance of this motor is 0.20 per unit or 


X = 0.2 ea = 0.2152 
Under this assumption, the air-gap voltage is equal to 
V, —jXul, = cia j0.215 x 141(0.8 + j0.6) 
V3 


= 15] — j24.2 = 153 ee?" V, line-to-neutral 


which corresponds to a line-to-line voltage of V3 (153) = 265 V. From Fig. 5.19, the cor- 
responding core-loss is 1.8 kW, 500 W higher than the value determined using the terminal 
voltage. We will use this value for the purposes of this example. 

Including the friction and windage loss of 0.91 kW, all losses have now been found: 


Total losses = 1.07 + 1.53 + 0.37 + 1.80 + 0.91 = 5.68 kW 
The total motor input power is the input power to the armature plus that to the field. 
Input power = 0.8 x 45 + 1.07 = 37.1 kW 
and the output power is equal to the total input power minus the total losses 
Output power = 37.1 — 5.68 = 31.4kW 


Therefore 


HPN POWET a 1 — So = 0846 = 84.6% 


Effici = a 
eee Input power 37.1 


Practice Problem 5.7 


Calculate the efficiency of the motor of Example 5.8 if the motor is operating at a power input of 
45 kW, unity power factor. You may assume that the motor stray-load losses remain unchanged 
and that the motor field current is 4.40 A. 


Solution 


Efficiency = 88.4% 


5.6 EFFECTS OF SALIENT POLES; 
INTRODUCTION TO DIRECT- 
AND QUADRATURE-AXIS THEORY 


The essential features of salient-pole machines are developed in this section based on 
physical reasoning. A mathematical treatment, based on an inductance formulation 
like that presented in Section 5.2, is given in Appendix C, where the dq0 transformation 
is developed. 
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5.6.1 Flux and MMF Waves 


The flux produced by an mmf wave in a uniform-air-gap machine is independent of the 
spatial alignment of the wave with respect to the field poles. In a salient-pole machine, 
such as that shown schematically in Fig. 5.20, however, the preferred direction of 
magnetization is determined by the protruding field poles. The permeance along the 
polar axis, commonly referred to as the rotor direct axis, is appreciably greater than 
that along the interpolar axis, commonly referred to as the rotor quadrature axis. 

Note that, by definition, the field winding produces flux which is oriented along 
the rotor direct axis. Thus, when phasor diagrams are drawn, the field-winding mmf 
and its corresponding flux $; are found along the rotor direct axis. The generated inter- 
nal voltage is proportional to the time derivative of the field-winding flux, and thus its 
phasor E£ 5 leads the flux &; by 90°. Since by convention the quadrature axis leads the 
direct axis by 90°, we see that the generated-voltage phasor Ey lies along the quadra- 
ture axis. Thus a key point in the analysis of synchronous-machine phasor diagrams is 
that, by locating the phasor £ ,,, the location of both the quadrature axis and the direct 
axis is immediately determined. This forms the basis of the direct- and quadrature-axis 
formulation for the analysis of salient-pole machines in which all machine voltages 
and currents can be resolved into their direct- and quadrature-axis components. 

The armature-reaction flux wave ®,, lags the field flux wave by a space angle of 
90° + diag, where jag is the time-phase angle by which the armature current lags the 
generated voltage. If the armature current /, lags the generated voltage E's by 90°, 
the armature-reaction flux wave is directly opposite the field poles and in the opposite 
direction to the field flux $;, as shown in the phasor diagram of Fig. 5.20a. 

The corresponding component flux-density waves at the armature surface pro- 
duced by the field current and by the synchronously-rotating space-fundamental com- 
ponent of armature-reaction mmf are shown in Fig. 5.20b, in which the effects of slots 


Axis of 
field pole 
Fundamental 
ote field flux 
| Actual field flux 
&, \ 
i, 
» Armature surface 
Ef 
b Fundamental 


armature flux 
Actual armature flux 


(a) (b) 


Figure 5.20 Direct-axis air-gap fluxes in a salient-pole 
synchronous machine. 
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are neglected. The waves consist of a space fundamental and a family of odd-harmonic 
components. In a well-designed machine the harmonic effects are usually small. 
Accordingly, only the space-fundamental components will be considered. It is the 
fundamental components which are represented by the flux-per-pole phasors $; and 
$,, in Fig. 5.20a. 

Conditions are quite different when the armature current is in phase with the 
generated voltage, as illustrated in the phasor diagram of Fig. 5.21a. The axis of the 
armature-reaction wave then is opposite an interpolar space, as shown in Fig. 5.21b. 
The armature-reaction flux wave is badly distorted, comprising principally a funda- 
mental and a prominent third space harmonic. The third-harmonic flux wave generates 
third-harmonic emf’s in the armature phase (line-to-neutral) voltages. They will be 
of the form 


E3,, = V2V3 cos (wet + $3) (5.52) 
E3» = V2V3 cos (3(@et — 120°) + 63) = V2V3cos(Bm@et +43) (5.53) 
E3,¢ = V2V3 cos (3(wet — 120°) + 63) = V2V3 cos Bwet +3) (5.54) 


Note that these third-harmonic phase voltages are equal in magnitude and in 
phase. Hence they do not appear as components of the line-to-line voltages, which 
are equal to the differences between the various phase voltages. 

Because of the longer air gap between the poles and the correspondingly larger 
reluctance, the space-fundamental armature-reaction flux when the armature reaction 
is along the quadrature axis (Fig. 5.21) is less than the space fundamental armature- 
reaction flux which would be created by the same armature current if the armature 
flux wave were directed along the direct axis (Fig. 5.20). Hence, the quadrature-axis 
magnetizing reactance is less than that of the direct axis. 

Focusing our attention on the space-fundamental components of the air-gap flux 
and mmf, the effects of salient poles can be taken into account by resolving the 
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Figure 5.21 Quadrature-axis air-gap fluxes in a salient-pole synchronous machine. 
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Quadrature 
axis 


Direct axis 


Figure 5.22 Phasor diagram of a salient-pole 
synchronous generator. 


armature current /, into two components, one along the direct axis and the other along 
the quadrature axis as shown in the phasor diagram of Fig. 5.22. This diagram is drawn 
for a unsaturated salient-pole generator operating at a lagging power factor. The direct- 
axis component /4 of the armature current, in time-quadrature with the generated 
voltage Es, produces a component of the space-fundamental armature-reaction flux 
Bag along the axis of the field poles (the direct axis), as in Fig. 5.20. The quadrature- 
axis component f q> in phase with the generated voltage, produces a component of 
the space-fundamental armature-reaction flux Dag in space-quadrature with the field 
poles, as in Fig. 5.21. Note that the subscripts d (“direct”) and q (“quadrature”) on 
the armature-reaction fluxes refer to their space phase and not to the time phase of 
the component currents producing them. 

Thus a direct-axis quantity is one whose magnetic effect is aligned with the axes 
of the field poles; direct-axis mmf’s produce flux along these axes. A quadrature-axis 
quantity is one whose magnetic effect is centered on the interpolar space. For an 
unsaturated machine, the armature-reaction flux ©,, is the sum of the components 
a4 and Diy: The resultant flux bp is the sum of $., and the field flux y. 


5.6.2 Phasor Diagrams for Salient-Pole Machines 


With each of the component currents /g and 7 q there is associated a component 
synchronous-reactance voltage drop, j/gXq and j/ qXq respectively. The reactances 
Xq and X, are, respectively, the direct- and quadrature-axis synchronous reactances; 
they account for the inductive effects of all the space-fundamental fluxes created by 
the armature currents along the direct and quadrature axes, including both armature- 
leakage and armature-reaction fluxes. Thus, the inductive effects of the direct- and 
quadrature-axis armature-reaction flux waves can be accounted for by direct- and 
quadrature-axis magnetizing reactances, Xgq and X gq respectively, similar to the 
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Quadrature 
axis 


Direct axis 


Figure 5.23 Phasor diagram for a synchronous generator 
showing the relationship between the voltages and the currents. 


magnetizing reactance X, of cylindrical-rotor theory. The direct- and quadrature-axis 
synchronous reactances are then given by 


Xa =XatXoa (5.55) 
Xq = Xa t+ Xoq (5.56) 


where X,; is the armature leakage reactance, assumed to be the same for direct- and 
quadrature-axis currents. Compare Eqs. 5.55 and 5.56 with Eq. 5.25 for the nonsalient- 
pole case. As shown in the generator phasor diagram of Fig. 5.23, the generated voltage 
E,¢ equals the phasor sum of the terminal voltage V, plus the armature-resistance drop 
f aR, and the component synchronous-reactance drops j I aXat+ jl qXq: 

As we have discussed, the quadrature-axis synchronous reactance X,q is less than 
of the direct axis Xq because of the greater reluctance of the air gap in the quadrature 
axis. Typically, X, is between 0.6X4 and 0.7Xq. Note that a small salient-pole effect 
is also present in turbo-alternators, even though they are cylindrical-rotor machines, 
because of the effect of the rotor slots on the quadrature-axis reluctance. 

Just as for the synchronous reactance X, of a cylindrical-rotor machine, these 
reactances are not constant with flux density but rather saturate as the machine flux 
density increases. It is common to find both unsaturated and saturated values specified 
for each of these parameters.’ The saturated values apply to typical machine operating 
conditions where the terminal voltage is near its rated value. For our purposes in this 
chapter and elsewhere in this book, we will not focus attention on this issue and, 
unless specifically stated, the reader may assume that the values of Xq and Xq given 
are the saturated values. 

In using the phasor diagram of Fig. 5.23, the armature current must be resolved 
into its direct- and quadrature-axis components. This resolution assumes that the phase 
angle ¢ + 6 of the armature current with respect to the generated voltage is known. 


4 See, for example, IEEE Std. 115-1995, “IEEE Guide: Test Procedures for Synchronous Machines,” 
Institute of Electrical and Electronic Engineers, Inc., 345 East 47th Street, New York, New York, 10017. 
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a'c = jl (Xq— X,) 


Figure 5.24 Relationships between component 
voltages in a phasor diagram. 


Often, however, the power-factor angle ¢ at the machine terminals is explicitly known, 
rather than the angle ¢ + 6. It then becomes necessary to locate the quadrature axis 
and to compute the power angle 5. This can be done with the aid of the construction 
of Fig. 5.24. 

The phasor diagram of Fig. 5.23 is repeated by the solid-line phasors in Fig. 5.24. 
Study of this phasor diagram shows that the dashed phasor o’a’, perpendicular to I, 
equals j/,X q- This result follows geometrically from the fact that triangles o'a’b’ and 
oab are similar because their corresponding sides are perpendicular. Thus 


oa ob‘ 
a oe nee 
or 
b'a’ Pec: & % 
pe (=) wee) ; “fal = Xqlf (5.58) 
q 


Thus, line o’a’ is the phasor j X,/ a and the phasor sum V,+f,Ra+ J aXe 
then locates the angular position of the generated voltage Er (which in turn lies 
along the quadrature axis) and therefore the direct and quadrature axes. Physically 
this must be so, because all the field excitation in a normal machine is in the direct 
axis. Once the quadrature axis (and hence 8) is known, Eas can be found as shown in 
Fig. 5.23 


Eas = Vat Ralat+ jXalat jXqlq (5.59) 


One use of these relations in determining the excitation requirements for spec- 
ified operating conditions at the terminals of a salient-pole machine is illustrated in 
Example 5.9. 
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The reactances X, and X, of a salient-pole synchronous generator are 1.00 and 0.60 per 
unit, respectively. The armature resistance may be considered to be negligible. Compute the 
generated voltage when the generator delivers its rated kVA at 0.80 lagging power factor and 
rated terminal voltage. 


Solution 

First, the phase of E, must be found so that /, can be resolved into its direct- and quadrature- 
axis components. The phasor diagram is shown in Fig. 5.25. As is commonly done for such 
problems, the terminal voltage V, will be used as the reference phasor, i.e., V, = V,e°" = V,, 
In per unit 


i, = 1, e/? = 0.80 — j0.60 = 1.0e7*” 
The quadrature axis is located by the phasor 
EB’ =V,+ jX,f, = 1.0 + j0.60(1.0 e/") = 1.44 ei ?* 


Thus, 5 = 19.4°, and the phase angle between E', and /, is 5 —@ = 19.4° — (—36.9°) = 56.3°. 
Note, that although it would appear from Fig. 5.25 that the appropriate angle is 5 + ¢, this is 
not correct because the angle ¢ as drawn in Fig. 5.25 is a negative angle. In general, the desired 
angle is equal to the difference between the power angle and the phase angle of the terminal 
current. 

The armature current can now be resolved into its direct- and quadrature-axis components. 
Their magnitudes are 


I, = [2,| sin (6 — ¢) = 1.00 sin (56.3°) = 0.832 
and 
I, = \1,| cos (6 — @) = 1.00 cos (56.3°) = 0.555 
As phasors, 
fp = 0832 E07 O*) = 0.832 er" 


IXala Ext 
IXqla 


Figure 5.25 Generator phasor diagram for Example 5.9. 
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and 
f, = 0.555 e” 
We can now find E,- from Eq. 5.59 


Ey = V+ jXabat iXail, 
1.0 + 71.0(0.832 e7*) + 70.6(0.555 e/°*’) 


= 1.77 ef 


and we see that E,, = 1.77 per unit. Note that, as expected, Z E,; = 19.4° = 6, thus confirming 
that FE’; lies along the quadrature axis. 


Practice Problem 5.8 


Find the generated voltage for the generator of Example 5.9 if it is loaded to (a) 0.73 per-unit 
kVA, unity power factor at a terminal voltage of 0.98 per unit and (b) 0.99 per-unit kVA, 
0.94 leading power factor and rated terminal voltage. 
Solution 

a. Ey = 1.20 e/4* per unit 

b. Ey = 1.08 e/5 per unit 


EXAMPLE 5.10 [a 


In the simplified theory of Section 5.2, the synchronous machine is assumed to be representable 
by a single reactance, the synchronous reactance X, of Eq. 5.25. The question naturally arises: 
How Serious an approximation is involved if a salient-pole machine is treated in this simple 
fashion? Suppose that a salient-pole machine were treated by cylindrical-rotor theory as if it had 
a Single synchronous reactance equal to its direct-axis value Xz? To investigate this question, 
we will repeat Example 5.9 under this assumption. 


@ Solution 
In this case, under the assumption that 


X, = X¢ = X, = 1.0 per unit 
the generated voltage can be found simply as 
Ew = Vit iX.f, 
= 1.0+ j1.0(1.0 e7/©") = 1,79 e/©© per unit 


Comparing this result with that of Example 5.9 (in which we found that E,, = 1.77 e/!9*°), 
we see that the magnitude of the predicted generated voltage is relatively close to the correct 
value. As a result, we see that the calculation of the field current required for this operating 
condition will be relatively accurate under the simplifying assumption that the effects of saliency 
can be neglected. 
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However, the calculation of the power angle 5 (19.4° versus a value of 26.6° if saliency 
is neglected) shows a considerably larger error. In general, such errors in the calculation of 
generator steady-state power angles may be of significance when studying the transient behavior 
of a system including a number of synchronous machines. Thus, although saliency can perhaps 
be ignored when doing “back-of-the-envelope” system calculations, it is rarely ignored in 
large-scale, computer-based system studies. 


5.7 POWER-ANGLE CHARACTERISTICS 
OF SALIENT-POLE MACHINES 


For the purposes of this discussion, it is sufficient to limit our discussion to the 
simple system shown in the schematic diagram of Fig. 5.26a, consisting of a salient- 
pole synchronous machine SM connected to an infinite bus of voltage Vig through 
a series impedance of reactance XgQ. Resistance will be neglected because it is usually 
small. Consider that the synchronous machine is acting as a generator. The phasor 
diagram is shown by the solid-line phasors in Fig. 5.26b. The dashed phasors show the 
external reactance drop resolved into components due to fy and i q- The effect of the 
external impedance is merely to add its reactance to the reactances of the machine; 
the total values of the reactance between the excitation voltage £4, and the bus voltage 
Vig is therefore 


Xap = Xa + XxQ (5.60) 
5 a eo Ce (5.61) 


If the bus voltage Vig is resolved into components its direct-axis component 
Va = Veg sin é and quadrature-axis component Vy = Vgg cos 6 in phase with /g and 
I,, respectively, the power P delivered to the bus per phase (or in per unit) is 


P = IgVq + IqVq = JaVeqQ sind + IyVeq cos 6 (5.62) 


(a) 


Figure 5.26 Salient-pole synchronous machine and series impedance: 
(a) single-line diagram and (b) phasor diagram. 
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Also, from Fig. 5.26b, 
Eg = VEQ cos 6 


Iy = (5.63) 
. X at 
and 
VEQ sind 
I, = —— (5.64) 
q Xr 
Substitution of Eqs. 5.63 and 5.64 in Eq. 5.62 gives 
EatVeq .. Viég(Xar — Xqr) 
P = —— sind + in 25 (5.65) 
Xar 2XatXqr 


Equation 5.65 is directly analogous to Eq. 5.47 which applies to the case of a 
nonsalient machine. It gives the power per phase when E,- and Vgg are expressed 
as line-neutral voltages and the reactances are in {2/phase, in which case the re- 
sult must be multiplied by three to get three-phase power. Alternatively, express- 
ing E,s and Vgg as line-to-line voltages will result in three-phase power directly. 
Similarly, Eq. 5.65 can be applied directly if the various quantites are expressed in 
per unit. 

The general form of this power-angle characteristic is shown in Fig. 5.27. The first 
term is the same as the expression obtained for a cylindrical-rotor machine (Eq. 5.47). 
The second term includes the effect of salient poles. It represents the fact that the air- 
gap flux wave creates torque, tending to align the field poles in the position of minimum 


Resultant = P 


—180° 


Vég(Xar — Xqr) 


sin 26 
2XarXer 


Figure 5.27 Power-angle characteristic of a salient-pole synchronous 
machine showing the fundamental component due to field excitation and 
the second-harmonic component due to reluctance torque. 
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reluctance. This term is the power corresponding to the reluctance torque and is of 
the same general nature as the reluctance torque discussed in Section 3.5. Note that 
the reluctance torque is independent of field excitation. Also note that, if Xr = Xgr 
as in a uniform-air-gap machine, there is no preferential direction of magnetization, 
the reluctance torque is zero and Eq. 5.65 reduces to the power-angle equation for a 
cylindrical-rotor machine (Eq. 5.47). 

Notice that the characteristic for negative values of 6 is the same except for a 
reversal in the sign of P. That is, the generator and motor regions are alike if the 
effects of resistance are negligible. For generator action E,, leads Veo; for motor 
action E'ar lags Vig. Steady-state operation is stable over the range where the slope 
of the power-angle characteristic is positive. Because of the reluctance torque, a 
salient-pole machine is “stiffer” than one with a cylindrical rotor; i.e., for equal 
voltages and equal values of Xu, a salient-pole machine develops a given torque at 
a smaller value of 5, and the maximum torque which can be developed is somewhat 


greater. 


The 2000-hp, 2300-V synchronous motor of Example 5.7 is assumed to have a synchronous 
reactance X, = 1.95 &2/phase. In actual fact, it is a salient-pole machine with reactances Xg = 
1.95 Q2/phase and X, = 1.40 &2/phase. Neglecting all losses, compute the maximum mechanical 
power in kilowatts which this motor can deliver if it is supplied with electric power from an 
infinite bus (Fig. 5.28a) at rated voltage and frequency and if its field excitation is held constant 
at that value which would result in unity-power-factor operation at rated load. The shaft load 
is assumed to be increased gradually so that transient swings are negligible and the steady- 
state power limit applies. Also, compute the value of 6 corresponding to this maximum power 
operation. 


Solution 
The first step is to compute the synchronous motor excitation at rated voltage, full load, and 
unity power factor. As in Example 5.7, the full-load terminal voltage and current are 1330 V 


Infinite «J, 


(a) (b) 


Figure 5.28 (a) Single-line diagram and (b) phasor diagram 
for motor of Example 5.11. 
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line-to-neutral and 374 A/phase, respectively. The phasor diagram for the specified full-load 
conditions is shown in Fig. 5.28b. The only essential difference between this phasor diagram 
and the generator phasor diagram of Fig. 5.25 is that 7, in Fig. 5.28 represents motor input 
current; i.e., we have switched to the motor reference direction for /,. Thus, switching the sign 
of the current to account for the choice of the motor reference direction and neglecting the 
effects of armature resistance, Eq. 5.59 becomes 


Ey = V,— jlaXa— jlgX, 
As in Fig. 5.28b, the quadrature axis can now be located by the phasor 
E’ = V, — jf,X, = 1330 — j374(1.40) = 1429 e771 
That is, 8 = —21.5°, with E,, lagging V,. The magnitude of fais 
I, = I, sin |8| = 374 sin (21.5°) = 137 A 


With reference to the phasor element labeled a’c in Fig. 5.28b, the magnitude of £4; can be 
found by adding the length a’c = I,(X, — X,) numerically to the magnitude of E’; thus 


Eye = E’ + 15(Xg — Xq) = 1429 + 1370.55) = 1504 V line-to-neutral 
(Alternatively, E., could have been determined as Bus = v, - Tak - lk) 


From Eq. 5.65 the power-angle characteristic for this motor is 


EVs... Ph a ae 
=a "FQ sin |8| + V, 2|8 
X, in |d| + Veg 2X,X, sin (2|é/) 


1030 sin |8] + 178 sin (2|5]) kW/phase 


P= 


Note that we have used |] in this equation. That is because Eq. 5.65 as written applies to a 
generator and calculates the electrical power output from the generator. For our motor, 6 is 
negative and direct use of Eq. 5.65 will give a value of power P < 0 which is of course correct 
for motor operation. Since we know that this is a motor and that we are calculating electric 
power into the motor terminals, we ignore the sign issue here entirely and calculate the motor 
power directly as a positive number. 

The maximum motor input power occurs when dP/dé = 0 


dP 
7 = 1030cos 4 + 356cos 26 


Setting this equal to zero and using the trigonometric identity 
cos 2a = 2cos’ a — | 
permit us to solve for the angle 6 at which the maximum power occurs: 
5 = 73.2° 
Therefore the maximum power is 


Prax = 1080 kW/phase = 3240 kW, three-phase 
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We can compare this value with Pax = 3090 kW found in part (a) of Example 5.7, where 
the effects of salient poles were neglected. We see that the error caused by neglecting saliency 
is slightly less than five percent in this case. 


Practice Problem 5.9 


A 325-MVA, 26-kV, 60-Hz, three-phase, salient-pole synchronous generator is observed to 
operating at a power output of 250-MW and a lagging power factor of 0.89 at a terminal 
voltage of 26 kV. The generator synchronous reactances are X, = 1.95 and X, = 1.18, both in 
per unit. The generator achieves rated-open-circuit voltage at a field current AFNL = 342 A. 
Calculate (a) the angle 6 between the generator terminal voltage and the generated voltage, 
(b) the magnitude of the generated voltage E,. in per unit, and (c) the required field current in 


amperes. 


Solution 


a. 31.8° 
b. Ege = 2.29 per unit 
c. I = 783A 


The effect, as seen in Example 5.11, of salient poles on the maximum power 
capability of a synchronous machine increases as the excitation voltage is decreased, 
as can be seen from Eq. 5.65. Under typical operating conditions, the effect of salient 
poles usually amounts to a few percent at most. Only at small excitations does the 
reluctance torque become important. Thus, except at small excitations or when very 
accurate results are required, a salient-pole machine usually can be adequately treated 
by simple cylindrical-rotor theory. 


5.8 PERMANENT-MAGNET AC MOTORS 


Permanent-magnet ac motors are polyphase synchronous motors with permanent- 
magnet rotors. Thus they are similar to the synchronous machines discussed up to 
this point in this chapter with the exception that the field windings are replaced by 
permanent magnets. 

Figure 5.29 is a schematic diagram of a three-phase permanent-magnet ac ma- 
chine. Comparison of this figure with Fig. 5.2 emphasizes the similarities between 
the permanent-magnet ac machine and the conventional synchronous machine. In 
fact, the permanent-magnet ac machine can be readily analyzed with the techniques 
of this chapter simply by assuming that the machine is excited by a field current of 
constant value, making sure to calculate the various machine inductances based on 
the effective permeability of the permanent-magnet rotor. 

Figure 5.30 shows a cutaway view of a typical permanent-magnet ac motor. 
This figure also shows a speed and position sensor mounted on the rotor shaft. This 
sensor is used for control of the motor, as is discussed in Section 11.2. A number 
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Figure 5.29 Schematic diagram of 
a three-phase permanent-magnet 

ac machine. The arrow indicates the 
direction of rotor magnetization. 


Figure 5.30 Cutaway view of a permanent-magnet ac motor. Also shown is the shaft speed 
and position sensor used to control the motor. (EG&G Torque Systems.) 


5.9 Summary 


of techniques may be used for shaft-position sensing, including Hall-effect devices, 
light-emitting diodes and phototransistors in combination with a pulsed wheel, and 
inductance pickups. 

Permanent-magnet ac motors are typically operated from variable-frequency mo- 
tor drives. Under conditions of constant-frequency, sinusiodal polyphase excitation, 
a permanent-magnet ac motor behaves similarly to a conventional ac synchronous 
machine with constant field excitation. 

An alternate viewpoint of a permanent-magnet ac motor is that it is a form of 
permanent-magnet stepping motor with a nonsalient stator (see Section 8.5). Under 
this viewpoint, the only difference between the two is that there will be little, if any, 
saliency (cogging) torque in the permanent-magnet ac motor. In the simplest opera- 
tion, the phases can be simply excited with stepped waveforms so as to cause the rotor 
to step sequentially from one equilibrium position to the next. Alternatively, using 
rotor-position feedback from a shaft-position sensor, the motor phase windings can be 
continuously excited in such a fashion as to control the torque and speed of the motor. 
As with the stepping motor, the frequency of the excitation determines the motor 
speed, and the angular position between the rotor magnetic axis and a given phase 
and the level of excitation in that phase determines the torque which will be produced. 

Permanent-magnet ac motors are frequently referred to as brushless motors or 
brushless dc motors. This terminology comes about both because of the similarity, 
when combined with a variable-frequency, variable-voltage drive system, of their 
speed-torque characteristics to those of dc motors and because of the fact that one 
can view these motors as inside-out dc motors, with their field winding on the rotor 
and with their armature electronically commutated by the shaft-position sensor and 
by switches connected to the armature windings. 


5.9 SUMMARY 


Under steady-state operating conditions, the physical picture of the operation of a 
polyphase synchronous machine is simply seen in terms of the interaction of two 
magnetic fields as discussed in Section 4.7.2. Polyphase currents on the stator produce 
a rotating magnetic flux wave while dc currents on the rotor produce a flux wave which 
is stationary with respect to the rotor. Constant torque is produced only when the rotor 
rotates in synchronism with the stator flux wave. Under these conditions, there is a 
constant angular displacement between the rotor and stator flux waves and the result 
is a torque which is proportional to the sine of the displacement angle. 

We have seen that a simple set of tests can be used to determine the signifi- 
cant parameters of a synchronous machine including the synchronous reactance X, 
or Xq. Two such tests are an open-circuit test, in which the machine terminal volt- 
age is measured as a function of field current, and a short-circuit test, in which the 
armature is short-circuited and the short-circuit armature current is measured as a 
function of field current. These test methods are a variation of a testing technique 
applicable not only to synchronous machines but also to any electrical system whose 
behavior can be approximated by a linear equivalent circuit to which Thevenin’s 
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theorem applies. From a Thevenin-theorem viewpoint, an open-circuit test gives 
the internal voltage, and a short-circuit test gives information regarding the inter- 
nal impedance. From the more specific viewpoint of electromechanical machinery, 
an open-circuit test gives information regarding excitation requirements, core losses, 
and (for rotating machines) friction and windage losses; a short-circuit test gives in- 
formation regarding the magnetic reactions of the load current, leakage impedances, 
and losses associated with the load current such as /*R and stray load losses. The 
only real complication arises from the effects of magnetic nonlinearity, effects which 
can be taken into account approximately by considering the machine to be equiv- 
alent to an unsaturated one whose magnetization curve is the straight line Op of 
Fig. 5.9 and whose synchronous reactance is empirically adjusted for saturation as 
in Eq. 5.29. 

In many cases, synchronous machines are operated in conjunction with an ex- 
ternal system which can be represented as a constant-frequency, constant-voltage 
source known as an infinite bus. Under these conditions, the synchronous speed is 
determined by the frequency of the infinite bus, and the machine output power is 
proportional to the product of the bus voltage, the machine internal voltage (which is, 
in turn, proportional to the field excitation), and the sine of the phase angle between 
them (the power angle), and it is inversely proportional to the net reactance between 
them. 

While the real power at the machine terminals is determined by the shaft power 
input to the machine (if it is acting as a generator) or the shaft load (if it is a motor), 
varying the field excitation varies the reactive power. For low values of field current, 
the machine will absorb reactive power from the system and the power angle will 
be large. Increasing the field current will reduce the reactive power absorbed by the 
machine as well as the power angle. At some value of field current, the machine power 
factor will be unity and any further increase in field current will cause the machine 
to supply reactive power to the system. 

Once brought up to synchronous speed, synchronous motors can be operated quite 
efficiently when connected to a constant-frequency source. However, as we have seen, 
a synchronous motor develops torque only at synchronous speed and hence has no 
starting torque. To make a synchronous motor self-starting, a squirrel-cage winding, 
called an amortisseur or damper winding, can be inserted in the rotor pole faces, 
as shown in Fig. 5.31. The rotor then comes up almost to synchronous speed by 
induction-motor action with the field winding unexcited. If the load and inertia are 
not too great, the motor will pull into synchronism when the field winding is energized 
from a dc source. 

Alternatively, as we will see in Chapter 11, synchronous motors can be oper- 
ated from polyphase variable-frequency drive systems. In this case they can be easily 
started and operated quite flexibly. Small permanent-magnet synchronous machines 
operated under such conditions are frequently referred to as brushless motors or 
brushless-dc motors, both because of the similarity of their speed-torque character- 
istics to those of dc motors and because of the fact that one can view these motors 
as inside-out dc motors, with the commutation of the stator windings produced elec- 
tronically by the drive electronics. 


5.10 


5.10 Problems 


Figure 5.31 Rotor of a six-pole 1200 r/min synchronous 
motor showing field coils, pole-face damper winding, and 
construction. (General Electric Company.) 


PROBLEMS 


5.1 The full-load torque angle of a synchronous motor at rated voltage and 
frequency is 35 electrical degrees. Neglect the effects of armature resistance 
and leakage reactance. If the field current is held constant, how would the 
full-load torque angle be affected by the following changes in operating 


5.2 


condition? 

a. Frequency reduced 10 percent, load torque and applied voltage constant. 

b. Frequency reduced 10 percent, load power and applied voltage constant. 

c. Both frequency and applied voltage reduced 10 percent, load torque 
constant. 

d. Both frequency and applied voltage reduced 10 percent, load power 


constant. 


The armature phase windings of a two-phase synchronous machine are 
displaced by 90 electrical degrees in space. 
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5.3 


5.4 


ao 


5.6 


5.7 


a. What is the mutual inductance between these two windings? 


b. Repeat the derivation leading to Eq. 5.17 and show that the synchronous 
inductance is simply equal to the armature phase inductance; that is, 
Ls = Laay + La, where Lag is the component of the armature phase 
inductance due to space-fundamental air-gap flux and L.) is the armature 
leakage inductance. 


Design calculations show the following parameters for a three-phase, 
cylindrical-rotor synchronous generator: 


Phase-a self-inductance L,, = 4.83 mH 
Armature leakage inductance L,, = 0.33 mH 


Calculate the phase-phase mutual inductance and the machine synchronous 
inductance. 

The open-circuit terminal voltage of a three-phase, 60-Hz synchronous 
generator is found to be 15.4 kV rms line-to-line when the field current 

is 420 A. 


a. Calculate the stator-to-rotor mutual inductance L,r. 


b. Calculate the open-circuit terminal voltage if the field current is held 
constant while the generator speed is reduced so that the frequency of the 
generated voltage is 50 Hz. 


A 460-V, 50-kW, 60-Hz, three-phase synchronous motor has a synchronous 
reactance of X, = 4.15 Q and an armature-to-field mutual inductance, 
Lt = 83 mH. The motor is operating at rated terminal voltage and an input 
power of 40 kW. Calculate the magnitude and phase angle of the line-to- 
neutral generated voltage Ea, and the field current /; if the motor is operating 
at (a) 0.85 power factor lagging, (b) unity power factor, and (c) 0.85 power 
factor leading. 
The motor of Problem 5.5 is supplied from a 460-V, three-phase source 
through a feeder whose impedance is Zs = 0.084 + j0.82 Q. Assuming the 
system (as measured at the source) to be operating at an input power of 
40 kW, calculate the magnitude and phase angle of the line-to-neutral 
generated voltage E af and the field current /; for power factors of (a) 0.85 
lagging, (b) unity, and (c) 0.85 leading. 
A 50-Hz, two-pole, 750 kVA, 2300 V, three-phase synchronous machine has 
a synchronous reactance of 7.75 Q and achieves rated open-circuit terminal 
voltage at a field current of 120 A. 
a. Calculate the armature-to-field mutual inductance. 
b. The machine is to be operated as a motor supplying a 600 kW load at 
its rated terminal voltage. Calculate the internal voltage Fs and the 
corresponding field current if the motor is operating at unity power factor. 
c. For aconstant load power of 600 kW, write a MATLAB script to plot the 
terminal current as a function of field current. For your plot, let the field 
current vary between a minimum value corresponding to a machine 
loading of 750 kVA at leading power factor and a maximum value 


5.10 Problems 


corresponding to a machine loading of 750 kVA at lagging power factor. 
What value of field current produces the minimum terminal current? Why? 


5.8 The manufacturer’s data sheet for a 26-kV, 750-MVA, 60-Hz, three-phase 


5.9 


synchronous generator indicates that it has a synchronous reactance X, = 
2.04 and a leakage reactance X,; = 0.18, both in per unit on the generator 
base. Calculate (a) the synchronous inductance in mH, (b) the armature 
leakage inductance in mH, and (c) the armature phase inductance L,, in mH 
and per unit. 

The following readings are taken from the results of an open- and a short- 
circuit test on an 800-MVA, three-phase, Y-connected, 26-kV, two-pole, 
60-Hz turbine generator driven at synchronous speed: 


Field current, A 1540 2960 
Armature current, short-circuit test, kA 9.26 17.8 

Line voltage, open-circuit characteristic, kV 26.0 31.8) 
Line voltage, air-gap line, kV 29.6 (56.9) 


The number in parentheses are extrapolations based upon the measured data. 
Find (a) the short-circuit ratio, (b) the unsaturated value of the synchronous 
reactance in ohms per phase and per unit, and (c) the saturated synchronous 
reactance in per unit and in ohms per phase. 


5.10 The following readings are taken from the results of an open- and a 


5.11 


short-circuit test on a SOO0-kW, 4160-V, three-phase, four-pole, 1800-rpm 
synchronous motor driven at rated speed: 


Field current, A 169 192 
Armature current, short-circuit test, A 694 790 
Line voltage, open-circuit characteristic, V 3920 4160 
Line voltage, air-gap line, V 4640 5270 


The armature resistance is 11 m&2/phase. The armature leakage reactance is 
estimated to be 0.12 per unit on the motor rating as base. Find (a) the 
short-circuit ratio, (b) the unsaturated value of the synchronous reactance in 
ohms per phase and per unit, and (c) the saturated synchronous reactance 

in per unit and in ohms per phase. 

Write a MATLAB script which automates the calculations of Problems 5.9 
and 5.10. The following minimum set of data is required: 


mM AFNL: The field current required to achieve rated open-circuit terminal 
voltage. 
@ The corresponding terminal voltage on the air gap line. 


m AFSC: The field current required to achieve rated short-circuit current on 
the short-circuit characteristic. 


Your script should calculate (a) the short-circuit ratio, (b) the unsaturated 
value of the synchronous reactance in ohms per phase and per unit, and 
(c) the saturated synchronous reactance in per unit and in ohms per phase. 
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5.12 


5.13 


5.14 


Consider the motor of Problem 5.10. 

a. Compute the field current required when the motor is operating at rated 
voltage, 4200 kW input power at 0.87 power factor leading. Account for 
saturation under load by the method described in the paragraph relating 
to Eq. 5.29. 

b. In addition to the data given in Problem 5.10, additional points on the 
open-circuit characteristic are given below: 


Field current, A 200 250 300 350 
Line voltage, V 4250 4580 4820 5000 


If the circuit breaker supplying the motor of part (a) is tripped, leaving 
the motor suddenly open-circuited, estimate the value of the motor 
terminal voltage following the trip (before the motor begins to slow down 
and before any protection circuitry reduces the field current). 
Using MATLAB, plot the field current required to achieve unity-power-factor 
operation for the motor of Problem 5.10 as the motor load varies from zero to 
full load. Assume the motor to be operating at rated terminal voltage. 
Loss data for the motor of Problem 5.10 are as follows: 


Open-circuit core loss at 4160 V = 37 kW 
Friction and windage loss = 46 kW 
Field-winding resistance at 75°C = 0.279 Q 


Compute the output power and efficiency when'the motor is operating at rated 
input power, unity power factor, and rated voltage. Assume the field-winding 
to be operating at a temperature of 125°C. 

The following data are obtained from tests on a 145-MVA, 13.8-kV, three- 
phase, 60-Hz, 72-pole hydroelectric generator. 


Open-circuit characteristic: 


[A 100 200 300 400 500 600 700 775 800 
Voltage, kV 2.27 444 668 867 104 11.9 134 143 14.5 


Short-circuit test: 
I; = 710A, I, = 6070 A 


a. Draw (or plot using MATLAB) the open-circuit saturation curve, the 
air-gap line, and the short-circuit characteristic. 


b. Find AFNL and AFSC. (Note that if you use MATLAB for part (a), you 


can use the MATLAB function ‘polyfit’ to fit a second-order polynomial to 
the open-circuit saturation curve. You can then use this fit to find AFNL.) 


5.16 


5.17 


5.18 


5.19 


5.20 


5.10 Problems 


c. Find (i) the short-circuit ratio, (ii) the unsaturated value of the 
synchronous reactance in ohms per phase and per unit and (iii) the 
saturated synchronous reactance in per unit and in ohms per phase. 


What is the maximum per-unit reactive power that can be supplied by a 
synchronous machine operating at its rated terminal voltage whose 
synchronous reactance is 1.6 per unit and whose maximum field current is 
limited to 2.4 times that required to achieve rated terminal voltage under 
open-circuit conditions? 

A 25-MVA, 11.5 kV synchronous machine is operating as a synchronous 
condenser, as discussed in Appendix D (section D.4.1). The generator 
short-circuit ratio is 1.68 and the field current at rated voltage, no load is 
420 A. Assume the generator to be connected directly to an 11.5 kV source. 


a. What is the saturated synchronous reactance of the generator in per unit 
and in ohms per phase? 


The generator field current is adjusted to 150 A. 


b. Draw a phasor diagram, indicating the terminal voltage, internal voltage, 
and armature current. 


c. Calculate the armature current magnitude (per unit and amperes) and its 
relative phase angle with respect to the terminal voltage. 


d. Under these conditions, does the synchronous condenser appear inductive 
or capacitive to the 11.5 kV system? 


e. Repeat parts (b) through (d) for a field current of 700 A. 


The synchronous condenser of Problem 5.17 is connected to a 11.5 kV system 
through a feeder whose series reactance is 0.12 per unit on the machine base. 
Using MATLAB, plot the voltage (kV) at the synchronous-condenser 
terminals as the synchronous-condenser field current is varied between 150 A 
and 700 A. 

A synchronous machine with a synchronous reactance of 1.28 per unit is 
operating as a generator at a real power loading of 0.6 per unit connected to a 
system with a series reactance of 0.07 per unit. An increase in its field current 
is observed to cause a decrease in armature current. 


a. Before the increase, was the generator supplying or absorbing reactive 
power from the power system? 


b. Asa result of this increase in excitation, did the generator terminal 
voltage increase or decrease? 


c. Repeat parts (a) and (b) if the synchronous machine is operating as a 
motor. 


Superconducting synchronous machines are designed with superconducting 
fields windings which can support large current densities and create large 
magnetic flux densities. Since typical operating magnetic flux densities 
exceed the saturation flux densities of iron, these machines are typically 
designed without iron in the magnetic circuit; as a result, these machines 
exhibit no saturation effects and have low synchronous reactances. 
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5.21 


5.22 


Consider a two-pole, 60-Hz, 13.8-kV, 10-MVA superconducting 
generator which achieves rated open-circuit armature voltage at a field current 
of 842 A. It achieves rated armature current into a three-phase terminal short 
circuit for a field current of 226 A. 


a. Calculate the per-unit synchronous reactance. 


Consider the situation in which this generator is connected to a 13.8 kV 
distribution feeder of negligible impedance and operating at an output power 
of 8.75 MW at 0.9 pf lagging. Calculate: 


b. the field current in amperes, the reactive-power output in MVA, and the 
rotor angle for this operating condition. 


c. the resultant rotor angle and reactive-power output in MVA if the field 
current is reduced to 842 A while the shaft-power supplied by the prime 
mover to the generator remains constant. 


For a synchronous machine with constant synchronous reactance X, operating 
at a constant terminal voltage V, and a constant excitation voltage Er, show 
that the locus of the tip of the armature-current phasor is a circle. On a phasor 
diagram with terminal voltage shown as the reference phasor, indicate the 
position of the center of this circle and its radius. Express the coordinates of 
the center and the radius of the circle in terms of V,, Earp and Xs. 
A four-pole, 60-Hz, 24-kV, 650-MVA synchronous generator with a 
synchronous reactance of 1.82 per unit is operating on a power system which 
can be represented by a 24-kV infinite bus in series with a reactive impedance 
of j0.21 &. The generator is equipped with a voltage regulator that adjusts the 
field excitation such that the generator terminal voltage remains at 24 kV 
independent of the generator loading. 
a. The generator output power is adjusted to 375 MW. 
(i) Draw a phasor diagram for this operating condition. 
(ii) Find the magnitude (in kA) and phase angle (with respect to the 
generator terminal voltage) of the terminal current. 
(iit) Determine the generator terminal power factor. 
(iv) Find the magnitude (in per unit and kV) of the generator excitation 
voltage Ear. 

b. Repeat part (a) if the generator output power is increased to 600 MW. 
The generator of Problem 5.22 achieves rated open-circuit armature voltage 
at a field current of 850 A. It is operating on the system of Problem 5.22 with 
its voltage regulator set to maintain the terminal voltage at 0.99 per unit 
(23.8 kV). 
a. Use MATLAB to plot the generator field current (in A) as a function of 

load (in MW) as the load on the generator output power is varied from 

zero to full load. 


b. Plot the corresponding reactive output power in MVAR as a function of 


output load. 


5.24 


5.25 


5.26 


5.27 


5.28 


5.10 Problems 


c. Repeat the plots of parts (a) and (b) if the voltage regulator is set to 
regulate the terminal voltage to 1.01 per unit (24.2 kV). 


The 145 MW hydroelectric generator of Problem 5.15 is operating on a 
13.8-kV power system. Under normal operating procedures, the generator is 
operated under automatic voltage regulation set to maintain its terminal 
voltage at 13.8 kV. In this problem you will investigate the possible 
consequences should the operator forget to switch over to the automatic 
voltage regulator and instead leave the field excitation constant at AFNL, 
the value corresponding to rated open-circuit voltage. For the purposes of 
this problem, neglect the effects of saliency and assume that the generator 
can be represented by the saturated synchronous reactance found in 
Problem 5.15. 


a. Ifthe power system is represented simply by a 13.8 kV infinite (ignoring 
the effects of any equivalent impedance), can the generator be loaded to 
full load? If so, what is the power angle 5 corresponding to full load? If 
not, what is the maximum load that can be achieved? 


b. Repeat part (a) with the power system now represented by a 13.8 kV 
infinite bus in series with a reactive impedance of j0.14 Q. 


Repeat Example 5.9 assuming the generator is operating at one-half of its 
rated kVA at a lagging power factor of 0.8 and rated terminal voltage. 

Repeat Problem 5.24 assuming that the saturated direct-axis synchronous 
inductance Xq is equal to that found in Problem 5.15 and that the saturated 
quadrature-axis synchronous reactance X, is equal to 75 percent of this value. 
Compare your answers to those found in Problem 5.24. 

Write a MATLAB script to plot a set of per-unit power-angle curves for a 
salient-pole synchronous generator connected to an infinite bus 

(Vous = 1.0 per unit). The generator reactances are Xqg = 1.27 per unit and 
Xq = 0.95 per unit. Assuming Ear = 1.0 per unit, plot the following curves: 


a. Generator connected directly to the infinite bus. 
b. Generator connected to the infinite bus through a reactance Xpus = 
0.1 per unit. 
c. Generator connected directly to the infinite bus. Neglect saliency effects, 
setting Xq = Xq. 
d. Generator connected to the infinite bus through a reactance Xpys = 
0.1 per unit. Neglect saliency effects, setting X, = Xaq. 
Draw the steady-state, direct- and quadrature-axis phasor diagram for a 
salient-pole synchronous motor with reactances Xq and Xq and armature 
resistance R,. From this phasor diagram, show that the torque angle 5 between 
the generated voltage Ear (which lies along the quadrature axis) and the 
terminal voltage V;, is given by 


sin I,Xqgcos@ + 1,Rasing 
and = ———_—_—_— 
V.+1,X, sing — I,R,cos¢ 
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5.30 


5.31 


5.32 


Here ¢ is the phase angle of the armature current /, and V;, considered to be 
negative when i a lags %,. 

Repeat Problem 5.28 for synchronous generator operation, in which case the 
equation for 5 becomes 


I,Xgcos@ + 1,R,sing 
V, — 1,Xq sing + 1,R, cos 


What maximum percentage of its rated output power will a salient-pole 
motor deliver without loss of synchronism when operating at its rated terminal 
voltage with zero field excitation (E, = 0) if Xq = 0.90 per unit and 

Xq = 0.65 per unit? Compute the per-unit armature current and reactive 
power for this operating condition. 

If the synchronous motor of Problem 5.30 is now operated as a synchronous 
generator connected to an infinite bus of rated voltage, find the minimum 
per-unit field excitation (where 1.0 per unit is the field current required to 
achieve rated open-circuit voltage) for which the generator will remain 
synchronized at (a) half load and (b) full load. 

A Ssalient-pole synchronous generator with saturated synchronous reactances 
Xq = 1.57 per unit and X, = 1.34 per unit is connected to an infinite bus of 
rated voltage through an external impedance Xp; = 0.11 per unit. The 
generator is supplying its rated MVA at 0.95 power factor lagging, as 
measured at the generator terminals. 


tand = 


a. Draw a phasor diagram, indicating the infinite-bus voltage, the armature 
current, the generator terminal voltage, the excitation voltage, and the 
rotor angle (measured with respect to the infinite bus). 

b. Calculate the per-unit terminal and excitation voltages, and the rotor angle 
in degrees. 

A salient-pole synchronous generator with saturated synchronous reactances 

Xq = 0.78 per unit and X, = 0.63 per unit is connected to a rated-voltage 

infinite bus through an external impedance X},y, = 0.09 per unit. 

a. Assuming the generator to be supplying only reactive power 
(i) Find minimum and maximum per-unit field excitations (where 1.0 per 

unit is the field current required to achieve rated open-circuit voltage) 
such that the generator does not exceed its rated terminal current. 

(ii) Using MATLAB, plot the armature current as a function of field 
excitation as the field excitation is varied between the limits 
determined in part (i). 

b. Now assuming the generator to be supplying 0.25 per unit rated real 
power, on the same axes add a plot of the per-unit armature current as a 
function of field excitation as the field current is varied in the range for 
which the per-unit armature current is less than 1.0 per unit. 

c. Repeat part (b) for generator output powers of 0.50 and 0.75 per unit. 

The final result will be a plot of V-curves for this generator in this 
configuration. 
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A two-phase permanent-magnet ac motor has a rated speed of 3000 r/min and 
a six-pole rotor. Calculate the frequency (in Hz) of the armature voltage 
required to operate at this speed. 

A 5-kW, three-phase, permanent-magnet synchronous generator produces an 
open-circuit voltage of 208 V line-to-line, 60-Hz, when driven at a speed of 
1800 r/min. When operating at rated speed and supplying a resistive load, its 
terminal voltage is observed to be 192 V line-to-line for a power output of 
4.5 kW. 


a. Calculate the generator phase current under this operating condition. 


b. Assuming the generator armature resistance to be negligible, calculate the 
generator 60-Hz synchronous reactance. 


c. Calculate the generator terminal voltage which will result if the motor 
generator load is increased to 5 kW (again purely resistive) while the 
speed is maintained at 1800 r/min. 


Small single-phase permanent-magnet ac generators are frequently used to 
generate the power for lights on bicycles. For this application, these 
generators are typically designed with a significant amount of leakage 
inductance in their armature winding. A simple model for these generators is 
an ac voltage source e,(t) = wK, cos wt in series with the armature leakage 
inductance L, and the armature resistance R,. Here w is the electrical 
frequency of the generated voltage which is determined by the speed of the 
generator as it rubs against the bicycle wheel. 

Assuming that the generator is running a light bulb which can be 
modeled as a resistance Ry, write an expression for the minimum frequency 
@min Which must be achieved in order to insure that the light operates at 
constant brightness, independent of the speed of the bicycle. 
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Polyphase Induction 
Machines 


machines. Our analysis will begin with the development of single-phase equiv- 

alent circuits, the general form of which is suggested by the similarity of an 
induction machine to a transformer. These equivalent circuits can be used to study 
the electromechanical characteristics of an induction machine as well as the loading 
presented by the machine on its supply source, whether it is a fixed-frequency source 
such as a power system or a variable-frequency, variable-voltage motor drive. 


T he objective of this chapter is to study the behavior of polyphase induction 


6.1 INTRODUCTION TO POLYPHASE 
INDUCTION MACHINES 


As indicated in Section 4.2.1, an induction motor is one in which alternating current 
is supplied to the stator directly and to the rotor by induction or transformer action 
from the stator. As in the synchronous machine, the stator winding is of the type 
discussed in Section 4.5. When excited from a balanced polyphase source, it will 
produce a magnetic field in the air gap rotating at synchronous speed as determined 
by the number of stator poles and the applied stator frequency f. (Eq. 4.41). 

The rotor of a polyphase induction machine may be one of two types. A wound 
rotor is built with a polyphase winding similar to, and wound with the same number 
of poles as, the stator. The terminals of the rotor winding are connected to insulated 
slip rings mounted on the shaft. Carbon brushes bearing on these rings make the rotor 
terminals available external to the motor, as shown in the cutaway view in Fig. 6.1. 
Wound-rotor induction machines are relatively uncommon, being found only in a 
limited number of specialized applications. 

On the other hand, the polyphase induction motor shown in cutaway in Fig. 6.2 
has a squirrel-cage rotor with a winding consisting of conducting bars embedded in 
slots in the rotor iron and short-circuited at each end by conducting end rings. The 
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Figure 6.1. Cutaway view of a three-phase 
induction motor with a wound rotor and slip rings 
connected to the three-phase rotor winding. 
(General Electric Company.) 


Figure 6.2 Cutaway view of a three-phase squirrel-cage 
motor. The rotor cutaway shows the squirrel-cage laminations. 
(Rockwell Automation/Reliance Electric.) 
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Figure 6.3 (a) The rotor of a small squirrel-cage motor. (b) The squirrel-cage structure 
after the rotor laminations have been chemically etched away. (Athens Products.) 


extreme simplicity and ruggedness of the squirrel-cage construction are outstanding 
advantages of this type of induction motor and make it by far the most commonly 
used type of motor in sizes ranging from fractional horsepower on up. Figure 6.3a 
shows the rotor of a small] squirrel-cage motor while Fig. 6.3b shows the squirrel cage 
itself after the rotor laminations have been chemically etched away. 

Let us assume that the rotor is turning at the steady speed of n r/min in the same 
direction as the rotating stator field. Let the synchronous speed of the stator field be 
ng 1/min as given by Eq. 4.41. This difference between synchronous speed and the 
rotor speed is commonly referred to as the slip of the rotor; in this case the rotor 
slip is ns — n, as measured in r/min. Slip is more usually expressed as a fraction of 
synchronous speed. The fractional slip s is 


ng —n 


(6.1) 


Ss = 
ns 


The slip is often expressed in percent, simply equal to 100 percent times the fractional 
slip of Eq. 6.1. 

The rotor speed in r/min can be expressed in terms of the slip and the synchronous 
speed as 


n=(1—s)n, (6.2) 


Similarly, the mechanical angular velocity w,, can be expressed in terms of the syn- 
chronous angular velocity w, and the slip as 


Om = (1 — 5), (6.3) 


The relative motion of the stator flux and the rotor conductors induces voltages 
of frequency f, 


fi =5fe (6.4) 
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called the slip frequency, in the rotor. Thus, the electrical behavior of an induction 
machine is similar to that of a transformer but with the additional feature of frequency 
transformation produced by the relative motion of the stator and rotor windings. In 
fact, a wound-rotor induction machine can be used as a frequency changer. 

The rotor terminals of an induction motor are short circuited; by construction in 
the case of a squirrel-cage motor and externally in the case of a wound-rotor motor. 
The rotating air-gap flux induces slip-frequency voltages in the rotor windings. The 
rotor currents are then determined by the magnitudes of the induced voltages and 
the rotor impedance at slip frequency. At starting, the rotor is stationary (n = 0), 
the slip is unity (s = 1), and the rotor frequency equals the stator frequency f.. The 
field produced by the rotor currents therefore revolves at the same speed as the stator 
field, and a starting torque results, tending to turn the rotor in the direction of rotation 
of the stator-inducing field. If this torque is sufficient to overcome the opposition 
to rotation created by the shaft load, the motor will come up to its operating speed. 
The operating speed can never equal the synchronous speed however, since the rotor 
conductors would then be stationary with respect to the stator field; no current would 
be induced in them, and hence no torque would be produced. 

With the rotor revolving in the same direction of rotation as the stator field, the 
frequency of the rotor currents is sf. and they will produce a rotating flux wave 
which will rotate at sn, r/min with respect to the rotor in the forward direction. But 
superimposed on this rotation is the mechanical rotation of the rotor at » r/min. Thus, 
with respect to the stator, the speed of the flux wave produced by the rotor currents is 
the sum of these two speeds and equals 


sng tn =sn,tns(1 —s) =n, (6.5) 


From Eq. 6.5 we see that the rotor currents produce an air-gap flux wave which 
rotates at synchronous speed and hence in synchronism with that produced by the 
stator currents. Because the stator and rotor fields each rotate synchronously, they are 
stationary with respect to each other and produce a steady torque, thus maintaining 
rotation of the rotor. Such torque, which exists for any mechanical rotor speed n other 
than synchronous speed, is called an asynchronous torque. 

Figure 6.4 shows a typical polyphase squirrel-cage induction motor torque-speed 
curve. The factors influencing the shape of this curve can be appreciated in terms of 
the torque equation, Eq. 4.81. Note that the resultant air-gap flux ®,, in this equation 
is approximately constant when the stator-applied voltage and frequency are constant. 
Also, recall that the rotor mmf F, is proportional to the rotor current /,. Equation 4.81 
can then be expressed in the form 


T = —KI, sind, (6.6) 


where K is a constant and 6, is the angle by which the rotor mmf wave leads the re- 
sultant air-gap mmf wave. 

The rotor current is equal to the negative of the voltage induced by the air-gap 
flux divided by the rotor impedance, both at slip frequency. The minus sign is required 
because the induced rotor current is in the direction to demagnetize the air-gap flux, 
whereas the rotor current is defined in Chapter 4 as being in the direction to magnetize 
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Figure 6.4 Typical induction-motor torque-speed 
curve for constant-voltage, constant-frequency operation. 


the air gap. Under normal running conditions the slip is small: 2 to 10 percent at full 
load in most squirrel-cage motors. The rotor frequency (f, = sf.) therefore is very 
low (of the order of I to 6 Hz in 60-Hz motors), In this range the rotor impedance 
is largely resistive and hence independent of slip. The rotor-induced voltage, on the 
other hand, is proportional to slip and leads the resultant air-gap flux by 90°. Thus 
the rotor current is very nearly proportional to the slip, and proportional to and 180° 
out of phase with the rotor voltage. As a result, the rotor-mmf wave lags the resultant 
air-gap flux by approximately 90 electrical degrees, and therefore sind, + —1. 

Approximate proportionality of torque with slip is therefore to be expected in 
the range where the slip is small. As slip increases, the rotor impedance increases 
because of the increasing contribution of the rotor leakage inductance. Thus the rotor 
current is less than proportional to slip. Also the rotor current lags farther behind the 
induced voltage, and the magnitude of sin 6, decreases. 

The result is that the torque increases with increasing slip up to a maximum 
value and then decreases, as shown in Fig. 6.4. The maximum torque, or breakdown 
torque, which is typically a factor of two larger than the rated motor torque, limits the 
short-time overload capability of the motor. 

We will see that the slip at which the peak torque occurs is proportional to the rotor 
resistance. For squirrel-cage motors this peak-torque slip is relatively small, much as 
is shown in Fig. 6.4. Thus, the squirrel-cage motor is substantially a constant-speed 
motor having a few percent drop in speed from no load to full load. In the case 
of a wound-rotor motor, the rotor resistance can be increased by inserting external 
resistance, hence increasing the slip at peak-torque, and thus decreasing the motor 
speed for a specified value of torque. Since wound-rotor induction machines are 
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larger, more expensive and require significantly more maintenance than squirrel- 
cage machines, this method of speed control is rarely used, and induction machines 
driven from constant-frequency sources tend to be limited to essentially constant- 
speed applications. As we will see in Chapter 11, use of solid-state, variable-voltage, 
variable-frequency drive systems makes it possible to readily control the speed of 
squirrel-cage induction machines and, as a result, they are now widely used in a 
wide-range of variable-speed applications. 


6.2 CURRENTS AND FLUXES IN POLYPHASE 
INDUCTION MACHINES 


For a coil-wound rotor, the flux-mmf situation can be seen with the aid of Fig. 6.5. 
This sketch shows the development of a simple two-pole, three-phase rotor winding 
in atwo-pole field. It therefore conforms with the restriction that a wound rotor must 
have the same number of poles as the stator (although the number of phases need not 
be the same). The rotor flux-density wave is moving to the right at angular velocity w, 
and at slip angular velocity sw, with respect to the rotor winding, which in turn is 
rotating to the right at angular velocity (1 —s)q,. It is shown in Fig. 6.5 in the position 
of maximum instantaneous voltage in phase a. 

If the rotor leakage reactance, equal to sw, times the rotor leakage inductance, 
is very small compared with the rotor resistance (which is typically the case at the 
small slips corresponding to normal operation), the phase-a current will also be a 
maximum. As shown in Section 4.5, the rotor-mmf wave will then be centered on 
phase a; it is so shown in Fig. 6.5a. The displacement angle, or torque angle, 5, under 
these conditions is at its optimum value of —90°. 

If the rotor leakage reactance is appreciable however, the phase-a current lags 
the induced voltage by the power-factor angle ¢2 of the rotor leakage impedance. The 
phase-a current will not be at maximum until a correspondingly later time. The rotor- 
mmf wave will then not be centered on phase a until the flux wave has traveled 2 
degrees farther down the gap, as shown in Fig. 6.5b. The angle 6, is now —(90° + @2). 
In general, therefore, the torque angle of an induction motor is 


6, = —(90° + @2) (6.7) 


Rotor-mmf Rotor-mmf 


Resultant 
flux-density 


(a) ——. 
§=90° 8 =90° + 


(a) (b) 
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Figure 6.5 Developed rotor winding of an induction motor with its flux-density and mmf waves 


in their relative positions for (a) zero and (b) nonzero rotor leakage reactance. 
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Figure 6.6 Reactions of a squirrel-cage rotor in a two-pole field. 


It departs from the optimum value of —90° by the power-factor angle of the rotor 
leakage impedance at slip frequency. The electromagnetic rotor torque is directed 
toward the right in Fig. 6.5, or in the direction of the rotating flux wave. 

The comparable picture for a squirrel-cage rotor is given in Fig. 6.6. A 16-bar rotor 
placed in a two-pole field is shown in developed form. To simplify the drawing, only 
a relatively small number of rotor bars has been chosen and the number is an integral 
multiple of the number of poles, a choice normally avoided in order to prevent harmful 
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harmonic effects. In Fig. 6.6a the sinusoidal flux-density wave induces a voltage in 
each bar which has an instantaneous value indicated by the solid vertical lines. 

At a somewhat later instant of time, the bar currents assume the instantaneous 
values indicated by the solid vertical lines in Fig. 6.6b, the time lag corresponding 
to the rotor power-factor angle 2. In this time interval, the flux-density wave has 
traveled in its direction of rotation with respect to the rotor through a space angle ¢2 
and is then in the position shown in Fig. 6.6b. The corresponding rotor-mmf wave 
is shown by the step wave of Fig. 6.6c. The fundamental component is shown by 
the dashed sinusoid and the flux-density wave by the solid sinusoid. Study of these 
figures confirms the general principle that the number of rotor poles in a squirrel-cage 
rotor is determined by the inducing flux wave. 


6.3 INDUCTION-MOTOR 
EQUIVALENT CIRCUIT 


The foregoing considerations of flux and mmf waves can readily be translated to a 
steady-state equivalent circuit for a polyphase induction machine. In this derivation, 
only machines with symmetric polyphase windings excited by balanced polyphase 
voltages are considered. As in many other discussions of polyphase devices, it is 
helpful to think of three-phase machines as being Y-connected, so that currents are 
always line values and voltages always line-to-neutral values. In this case, we can 
derive the equivalent circuit for one phase, with the understanding that the volt- 
ages and currents in the remaining phases can be found simply by an appropriate 
phase shift of those of the phase under study (+120° in the case of a three-phase 
machine). 

First, consider conditions in the stator. The synchronously-rotating air-gap flux 
wave generates balanced polyphase counter emfs in the phases of the stator. The stator 
terminal voltage differs from the counter emf by the voltage drop in the stator leakage 
impedance Z; = R; + jX,. Thus 


0, = £.4+7,(Ri + jX1) (6.8) 
where 


V, = Stator line-to-neutral terminal voltage 

E> = Counter emf (line-to-neutral) generated by the resultant air-gap flux 
7, = Stator current 

R, = Stator effective resistance 

X, = Stator leakage reactance 


The polarity of the voltages and currents are shown in the equivalent circuit of 
Fig. 6.7. 

The resultant air-gap flux is created by the combined mmf’s of the stator and rotor 
currents. Just as in the case of a transformer, the stator current can be resolved into two 
components: a load component and an exciting (magnetizing) component. The load 
component ry produces an mmf that corresponds to the mmf of the rotor current. The 
exciting component / y is the additional stator current required to create the resultant 
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Figure 6.7 Stator equivalent circuit 
for a polyphase induction motor. 


air-gap flux and is a function of the emf £». The exciting current can be resolved 
into a core-loss component /, in phase with 2 and a magnetizing component fp 
lagging Ey by 90°. In the equivalent circuit, the exciting current can be accounted for 
by means of a shunt branch, formed by a core-loss resistance R, and a magnetizing 
reactance X, in parallel, connected across E>, as in Fig. 6.7. Both R, and Xj are 
usually determined at rated stator frequency and for a value of E> close to the expected 
operating value; they are then assumed to remain constant for the small departures of 
E>) associated with normal operation of the motor. 

The equivalent circuit representing stator phenomena is exactly like that used 
to represent the primary of a transformer. To complete our model, the effects of the 
rotor must be incorporated. From the point of view of the stator equivalent circuit of 
Fig. 6.7, the rotor can be represented by an equivalent impedance Z> 


2=> (6.9) 


corresponding to the leakage impedance of an equivalent stationary secondary. To 
complete the equivalent circuit, we must determine Z2 by representing the stator and 
rotor voltages and currents in terms of rotor quantities as referred to the stator. 

As we Saw in Section 2.3, from the point of view of the primary, the secondary 
winding of a transformer can be replaced by an equivalent secondary winding having 
the same number of turns as the primary winding. Ina transformer where the turns ratio 
and the secondary parameters are known, this can be done by referring the secondary 
impedance to the primary by multiplying it by the square of the primary-to-secondary 
turns ratio. The resultant equivalent circuit is perfectly general from the point of view 
of primary quantities. 

Similarly, in the case of a polyphase induction motor, if the rotor were to be 
replaced by an equivalent rotor with a polyphase winding with the same number of 
phases and turns as the stator but producing the same mmf and air gap flux as the 
actual rotor, the performance as seen from the stator terminals would be unchanged. 
This concept, which we will adopt here, is especially useful in modeling squirrel-cage 
rotors for which the identity of the rotor “phase windings” is in no way obvious. 

The rotor of an induction machine is short-circuited, and hence the impedance 
seen by induced voltage is simply the rotor short-circuit impedance. Consequently 
the relation between the slip-frequency leakage impedance Z>, of the equivalent rotor 
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and the slip-frequency leakage impedance Zyotor of the actual rotor must be 


A 


E E 
Z25 = = Noe | SO | = MeeZrotor (6.10) 


e 
2s I rotor 


where Negr is the effective turns ratio between the stator winding and that of the actual 
rotor winding. Here the subscript 2s refers to quantities associated with the referred 
rotor. Thus F, is the voltage induced in the equivalent rotor by the resultant air-gap 
flux, and /,, is the corresponding induced current. 

When one is concerned with the actual rotor currents and voltages, the turns 
ratio Neg must be known in order to convert back from equivalent-rotor quantities 
to those of the actual rotor. However, for the purposes of studying induction-motor 
performance as seen from the stator terminals, there is no need for this conversion 
and a representation in terms of equivalent-rotor quantities is fully adequate. Thus 
an equivalent circuit based upon equivalent-rotor quantities can be used to represent 
both coil-wound and squirrel-cage rotors. 

Having taken care of the effects of the stator-to-rotor turns ratio, we next must take 
into account the relative motion between the stator and the rotor with the objective 
of replacing the actual rotor and its slip-frequency voltages and currents with an 
equivalent stationary rotor with stator-frequency voltages and currents. Consider first 
the slip-frequency leakage impedance of the referred rotor. 


A 


Eo. : 
Vin = Ry + jsX> (6.11) 


2s 


where 


R, = Referred rotor resistance 
s Xz = Referred rotor leakage reactance at slip frequency 


Note that here Xz has been defined as the referred rotor leakage reactance at 
stator frequency f.. Since the actual rotor frequency f, = sfe, it has been converted 
to the slip-frequency reactance simply by multiplying by the slip s. The slip-frequency 
equivalent circuit of one phase of the referred rotor is shown in Fig. 6.8. This is the 
equivalent circuit of the rotor as seen in the slip-frequency rotor reference frame. 

We next observe that the resultant air-gap mmf wave is produced by the combined 
effects of the stator current /, and the equivalent load current Fe, Similarly, it can be 


Figure 6.8 Rotor equivalent circuit for a 
polyphase induction motor at slip frequency. 
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expressed in terms of the stator current and the equivalent rotor current /,. These two 
currents are equal in magnitude since T 2s is defined as the current in an equivalent 
rotor with the same number of turns per phase as the stator. Because the resultant 
air-gap mmf wave is determined by the phasor sum of the stator current and the rotor 
current of either the actual or equivalent rotor, i 2 and i 2s must also be equal in phase 
(at their respective electrical frequencies) and hence we can write 


To, = Th (6.12) 


Finally, consider that the resultant flux wave induces both the slip-frequency emf 
induced in the referred rotor E 2, and the stator counter emf E 2. If it were not for the 
effect of speed, these voltages would be equal in magnitude since the referred rotor 
winding has the same number of turns per phase as the stator winding. However, 
because the relative speed of the flux wave with respect to the rotor is s times its 
speed with respect to the stator, the relation between these emfs is 


Ex, = SE (6.13) 


We can furthermore argue that since the phase angle between each of these 
voltages and the resultant flux wave is 90°, then these two voltages must also be equal 
in a phasor sense at their respective electrical frequencies. Hence 


E, = sk (6.14) 
Division of Eq. 6.14 by Eq. 6.12 and use of Eq. 6.11 then gives 


E SE 
= 2 = J, = Ry t jsX2 (6.15) 
I 2s I, 
Division by the slip s then gives 
E, R 
Ze ee EX, (6.16) 
Io AY 


We have achieved our objective. Z2 is the impedance of the equivalent stationary 
rotor which appears across the load terminals of the stator equivalent circuit of Fig. 6.7. 
The final result is shown in the single-phase equivalent circuit of Fig. 6.9. The com- 
bined effect of shaft load and rotor resistance appears as a reflected resistance R2/s, 
a function of slip and therefore of the mechanical load. The current in the reflected 


Figure 6.9 Single-phase equivalent circuit 
for a polyphase induction motor. 


6.4 Analysis of the Equivalent Circuit 


rotor impedance equals the load component /, of stator current; the voltage across this 
impedance equals the stator voltage 2. Note that when rotor currents and voltages 
are reflected into the stator, their frequency is also changed to stator frequency. All 
rotor electrical phenomena, when viewed from the stator, become stator-frequency 
phenomena, because the stator winding simply sees mmf and flux waves traveling at 
synchronous speed. 


6.4 ANALYSIS OF THE EQUIVALENT CIRCUIT 


The single-phase equivalent circuit of Fig. 6.9 can be used to determine a wide 
variety of steady-state performance characteristics of polyphase induction machines. 
These include variations of current, speed, and losses as the load-torque requirements 
change, as well as the starting torque, and the maximum torque. 

The equivalent circuit shows that the total power Pyap transferred across the air 
gap from the stator is 


R 
Prap = Non 13 (=) (6.17) 


where pp, is the number of stator phases. 
The total rotor J? loss, Protor, can be calculated from the 7 R loss in the equiv- 
alent rotor as 


Protor = Nph Ly, Ry (6.18) 
Since In, = In, we can write Eq. 6.18 as 
Protor = Nph GC Ry (6.19) 


The electromagnetic power Pech developed by the motor can now be determined 
by subtracting the rotor power dissipation of Eq. 6.19 from the air-gap power of 
Eq. 6.17. 


R 
Pech = Pap _ Protor = Nph iE (=) — Aph GB Ry (6.20) 


or equivalently 


l-s 
Pmech = Mph 15 Ro ( : ) (6.21) 


Comparing Eq. 6.17 with Eg. 6.21 gives 
Prech = (1 — 5) Pap (6.22) 


and 
Protor = 5 P, gap (6.23) 


We see then that, of the total power delivered across the air gap to the rotor, the 
fraction 1 — s is converted to mechanical power and the fraction s is dissipated as 17 R 
loss in the rotor conductors. From this it is evident that an induction motor operating 
at high slip is an inefficient device. When power aspects are to be emphasized, the 
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Figure 6.10 Alternative form of equivalent circuit. 


equivalent circuit can be redrawn in the manner of Fig. 6.10. The electromechanical 
power per stator phase is equal to the power delivered to the resistance R2(1 — s)/s. 


A three-phase, two-pole, 60-Hz induction motor is observed to be operating at a speed of 
3502 r/min with an input power of 15.7 kW and a terminal current of 22.6 A. The stator- 
winding resistance is 0.20 Q/phase. Calculate the /?R power dissipated in rotor. 


@ Solution 
The power dissipated in the stator winding is given by 


Pyator = 317 R, = 3(22.6)0.2 = 306 W 
Hence the air-gap power is 
Pap _ Praput =a Praaice => 15.7 cam 0.3 => 15.4 kW 


The synchronous speed of this machine can be found from Eq. 4.41 


120 120 
n= ( le (7) 0 = 3600 on 
poles 2 


and hence from Eq. 6.1, the slip is s = (3600 — 3502) /3600 = 0.0272. Thus, from Eq. 6.23, 


Protor = S Pap = 0.0272 x 15.4kW =419 W 


Calculate the rotor power dissipation for a three-phase, 460-V, 60-Hz, four-pole motor with an 
armature resistance of 0.056 Q operating at a speed of 1738 r/min and with an input power of 
47.4 kW and a terminal current of 76.2 A. 


Solution 
1.6kW 


The electromechanical Tinech Corresponding to the power Pmech can be obtained 
by recalling that mechanical power equals torque times angular velocity. Thus, 


Pmech = @mTmech = (1 — $)@sTmech (6.24) 


For Pmech in watts and w, in rad/sec, Tech Will be in newton-meters. 


6.4 Analysis of the Equivalent Circuit 


Use of Eqs. 6.21 and 6.22 leads to 


Prec Pye I2(R 
Tmech = h _ “sap _ nhl (Ro/S) (6.25) 


Om Ws Ws 


with the synchronous mechanical angular velocity w, being given by 


4 2 
ei ee We (6.26) 
poles poles 


The mechanical torque Tinech and power Pmech are not the output values available 
at the shaft because friction, windage, and stray-load losses remain to be accounted 
for. It is obviously correct to subtract friction, windage, and other rotational losses 
from Tinech OF Pmech and it is generally assumed that stray load effects can be subtracted 
in the same manner. The remainder is available as output power from the shaft for 
useful work. Thus 


Phaft = Prmech =; Prot (6.27) 
and 


Phat 


T haft = = £Lmech — Trot (6.28) 


Wm 
where P,.¢ and T,., are the power and torque associated with the friction, windage, 
and remaining rotational losses. 

Analysis of the transformer equivalent circuit is often simplified by either ne- 
glecting the magnetizing branch entirely or adopting the approximation of moving it 
out directly to the primary terminals. Such approximations are not used in the case 
of induction machines under normal running conditions because the presence of the 
air gap results in a relatively lower magnetizing impedance and correspondingly a 
relatively higher exciting current—30 to 50 percent of full-load current—and because 
the leakage reactances are also higher. Some simplification of the induction-machine 
equivalent circuit results if the core-loss resistance R, is omitted and the associ- 
ated core-loss effect is deducted from Tinech OF Pmech at the same time that rotational 
losses and stray load effects are subtracted. The equivalent circuit then becomes that 
of Fig. 6.11a or b, and the error introduced is often relatively insignificant. Such 


(a) (b) 


Figure 6.11 Equivalent circuits with the core-loss resistance FR, neglected corresponding 


to (a) Fig. 6.9 and (b) Fig. 6.10. 
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a procedure also has an advantage during motor testing, for then the no-load core 
loss need not be separated from friction and windage. These last circuits are used in 
subsequent discussions. 


EXAMPLE 6.2 [a 


A three-phase Y-connected 220-V (line-to-line) 7.5-kW 60-Hz six-pole induction motor has 
the following parameter values in &2/phase referred to the stator: 


R; =0.294 R, =0.144 
X, =0.503 X,=0.209 X, = 13.25 


The total friction, windage, and core losses may be assumed to be constant at 403 W, independent 
of load. 

For a slip of 2 percent, compute the speed, output torque and power, stator current, power 
factor, and efficiency when the motor is operated at rated voltage and frequency. 


Solution 
Let the impedance Z; (Fig. 6.1 1a) represent the per phase impedance presented to the stator by 
the magnetizing reactance and the rotor. Thus, from Fig. 6.1 1a 


R 
Z,= Re + jX:= (# + ix) in parallel with {Xm 
AY 


Substitution of numerical values gives, for s = 0.02, 
Re + jX,=5.414+ f3.112 
The stator input impedance can now be calculated as 
Zin = Ry + JX, + Zp =5.70 + f3.61 = 6.75 232.3° Q 


The line-to-neutral terminal voltage is equal to 


220 


Vv, = —= = 127V 
TB 
and hence the stator current can be calculated as 
V, 127 


i= = 18.8 /—32.3°A 


Zn 6.75 132.3° 


The stator current is thus 18.8 A and the power factor is equal to cos (—32.3°) = 0.845 lagging. 
The synchronous speed can be found from Eq. 4.41 


120 120 y 
n, = (=) i= ( 6 ) 0 = 1200 r/min 


@, = ——— = 125.7 rad/sec 


or from Eq. 6.26 
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The rotor speed ts 
n= (1 —s)n, = (0.98) 1200 = 1176 r/min 
or 


Wm = (1 — s)w, = (0.98) 125.7 = 123.2 rad/sec 


R 
Peap = Non ly (=) 


Note however that because the only resistance included in Z; is R2/s, the power dissipated in 
Z; is equal to the power dissipated in R,/s and hence we can write 


From Eg. 6.17, 


Prop = Npyl? Ry = 3(18.8)? (5.41) = 5740 W 
We can now calculate Prech from Eq. 6.21 and the shaft output power from Eq. 6.27. Thus 
Phat = Pmech ~ Prot = (1 — $) Pyap — Prot 
= (0.98)5740 — 403 = 5220 W 


and the shaft output torque can be found from Eq. 6.28 as 


Porat _ 5220 =42.4N-m 
@.° - 1232 


Tyhatt = 


The efficiency is calculated as the ratio of shaft output power to stator input power. The 
input power is given by 
Py, = ny,Re[V,f7] = 3Re[127(18.8 232.3°)] 
= 3 x 127 x 18.8cos (32.2°) = 6060 W 


Thus the efficiency 7 is equal to 


Pyar 5220 
gq Salat OEE RG = 86. 1 
1 PR, 6060 Sent 


The complete performance characteristics of the motor can be determined by repeating 
these calculations for other assumed values of slip. 


| Practice Problem 6.2 | Problem 6.2 


Find the speed, output power, and efficiency for the motor of Example 6.2 operating at rated 
voltage and frequency for a slip of 1.5 percent. 


Solution 
Speed = 1182 r/min 
Peat = 3932 W 
Efficiency = 85.3% 
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6.5 TORQUE AND POWER BY USE 
OF THEVENIN’S THEOREM 


When torque and power relations are to be emphasized, considerable simplification 
results from application of Thevenin’s network theorem to the induction-motor equiv- 
alent circuit. In its general form, Thevenin’s theorem permits the replacement of any 
network of linear circuit elements and complex voltage sources, such as viewed from 
two terminals a and b (Fig. 6.12a), by a single complex voltage source Veq in series 
with a single impedance Z., (Fig. 6.12b). The Thevenin-equivalent voltage Veg is 
that appearing across terminals a and b of the original network when these terminals 
are open-circuited; the Thevenin-equivalent impedance Zeq is that viewed from the 
same terminals when all voltage sources within the network are set equal to zero. 
For application to the induction-motor equivalent circuit, points a and b are taken as 
those so designated in Fig. 6.1 1a and b. The equivalent circuit then assumes the forms 
given in Fig. 6.13 where Thevenin’s theorem has been used to transform the network 
to the left of points a and b into an equivalent voltage source Vig in series with an 
equivalent impedance Z) eg = Rijeq + J X1,¢q- : 

According to Thevenin’s theorem, the equivalent source voltage Vj ¢q is the volt- 
age that would appear across terminals a and b of Fig. 6.11 with the rotor circuits 


Constant 
impedance 
Oa 


a 


Electrical network 
of linear circuit 
elements and constant 
phasor-voltage sources 


May be connected to 
any other network 


May be connected to 
any other network 


Ob Ob 


Single voltage 
source 


(a) (b) 


Figure 6.12 (a) General linear network and (b) its equivalent at terminals ab 
by Thevenin’s theorem. 


R, eq Xt eq Xy Rieg Xt eq Xy Ry 
a 
_—_> > 

+ 0) + I 
A R a _ 
V, eq ; = V, eq R14) 

b b 

(a) (b) 


Figure 6.13 {nduction-motor equivalent circuits simplified 
by Thevenin’s theorem. 
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removed. The result is a simple voltage divider and thus 


: ‘ ‘X 
Vig = V1 oo u ) (6.29) 
Ry + j(X1 + Xm) 


For most induction motors, negligible error results from neglecting the stator re- 
sistance in Eq. 6.29. The Thevenin-equivalent stator impedance Z, 2, is the impedance 
between terminals a and b of Fig. 6.11 viewed toward the source with the source volt- 
age set equal to zero (or equivalently replaced by a short circuit) and therefore is 


Zi ,eq = Rijeqg + JXi,eq = (Ri + fX1) in parallel with j Xp (6.30) 
or 


_ JXm(Ri + J X1) 


Z = 6.31 
ee RIE FR pe a) eee) 


Note that the core-loss resistance R, has been neglected in the derivation of 
Egs. 6.29 through 6.31. Although this is a very commonly used approximation, its 
effect can be readily incorporated in the derivations presented here by replacing the 
magnetizing reactance j X,, by the magnetizing impedance Z,, equal to the parallel 
combination of the core-loss resistance R, and the magnetizing reactance j Xn. 

From the Thevenin-equivalent circuit (Fig. 6.13) 


, Vie 
i, = ——__4___ (6.32) 
Zi,eq + fX2 + R2/s 
and thus from the torque expression (Eq. 6.25) 
1 Non V2. (R2/S 
Tecan — (6.33) 


Ws (R1,eq +f (R2/s))? ot (X1.eq oe X2)? 


where w, is the synchronous mechanical angular velocity as given by Eq. 6.26. The 
general shape of the torque-speed or torque-slip curve with the motor connected to a 
constant-voltage, constant-frequency source is shown in Figs. 6.14 and 6.15. 

In normal motor operation, the rotor revolves in the direction of rotation of 
the magnetic field produced by the stator currents, the speed is between zero and 
synchronous speed, and the corresponding slip is between 1.0 and 0 (labeled “Motor 
region” in Fig. 6.14). Motor starting conditions are those of s = 1.0. 

To obtain operation in the region of s greater than 1 (corresponding to a negative 
motor speed), the motor must be driven backward, against the direction of rotation 
of its magnetic field, by a source of mechanical power capable of counteracting the 
electromechanical torque Timech. The chief practical usefulness of this region is in 
bringing motors to a quick stop by a method called plugging. By interchanging two 
stator leads in a three-phase motor, the phase sequence, and hence the direction of 
rotation of the magnetic field, is reversed suddenly and what was a small slip before 
the phase reversal becomes a slip close to 2.0 following the reversal; the motor comes 
to a stop under the influence of torque Tinech and is disconnected from the line before 
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Torque 


Generator 
region 


Motor 
region 


Braking 
region 


Generator 
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Speed in percent of synchronous speed 
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Slip as a fraction of synchronous speed 


Figure 6.14 |nduction-machine torque-slip curve showing braking, motor, and 
generator regions. 
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Figure 6.15 Computed torque, power, and current curves for the 
7.5-kW motor in Examples 6.2 and 6.3. 
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it can start in the other direction. Accordingly, the region from s = 1.0 to s = 2.0 is 
labeled “Braking region” in Fig. 6.14. 

The induction machine will operate as a generator if its stator terminals are 
connected to a polyphase voltage source and its rotor is driven above synchronous 
speed (resulting in a negative slip) by a prime mover, as shown in Fig. 6.14. The source 
fixes the synchronous speed and supplies the reactive power input required to excite 
the air-gap magnetic field. One such application is that of an induction generator 
connected to a power system and driven by a wind turbine. 

An expression for the maximum electromechanical torque, or breakdown torque, 
Tax, Indicated in Fig. 6.15, can be obtained readily from circuit considerations. As 
can be seen from Eq. 6.25, the electromechanical torque is a maximum when the 
power delivered to R2/s in Fig. 6.13a is a maximum. It can be shown that this power 
will be greatest when the impedance of R2/s equals the magnitude of the impedance 
Req + j(X1,eq + X2) between it and the constant equivalent voltage Vis Thus, 
maximum electromechanical torque will occur at a value of slip (Smaxr) for which 


Ry 


SmaxT 


= al Ries + (Xt eq + X)? (6.34) 


The slip Smaxr at Maximum torque is therefore 


Ry 


SmaxT = (6.35) 
uf Rheq + (X1,eq + X2)? 
and the corresponding torque is, from Eq. 6.33, 
1 0.51tpn V7 
se (6.36) 


Tax aa 
s | Rieg + 4) Rie + (X1,eq + X2)? 


where w, is the synchronous mechanical angular velocity as given by Eq. 6.26. 


es EXAMPLE 6.3 


For the motor of Example 6.2, determine (a) the load component /, of the stator current, the 
electromechanical torque Tinech, and the electromechanical power Pmech fora Slip s = 0.03; (b) the 
maximum electromechanical torque and the corresponding speed; and (c) the electromechanical 
starting torque Tita, and the corresponding stator load current J) star. 


Solution 
First reduce the circuit to its Thevenin-equivalent form. From Eq. 6.29, Vieq = 122.3 V and 
from Eq. 6.31, Rijeq + JX1,eq = 0.273 + 70.490 Q. 


a. Ats = 0.03, R2/s = 4.80. Then, from Fig. 6.13a, 


V, 122.3 
ee a = = 23.9A 


af (Rijeg + Ro/5)? + (X1,0q + X2)? (5.07)? + (0.699)? 
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From Eq. 6.25 


np T2(Ro/8) _ 3 x 23.9? x 4.80 


Ties = 
: 0, 125.7 


=65.4N-m 


and from Eq. 6.21 
Prech = pn 17 (R2/s)(1 — 5) = 3 x 23.97 x 4.80 x 0.97 = 7980 W 


The curves of Fig. 6.15 were computed by repeating these calculations for a number 
of assumed values of s. 
b. At the maximum-torque point, from Eq. 6.35, 


R, 
SmaxT EE ————————— 
Rie + (Xieq as X,)? 
0.144 
= ————-. = 0),]92 
/0.273? + 0.6992 
and thus the speed at T,,., is equal to (1 — Spaxt)ts = (1 — 0.192) x 1200 = 970 r/min 
From Eq. 6.36 
Tinax = i 05 Mpeg 
Ms | Rieg + >/Roeg + (Xieq + X2)? 
1 0.5 3 
- x 3x 122.3 —175N-m 
125.7 | 0.273 + /0.2732 + 0.6992 
c. At starting, s = 1. Therefore 
Vieq 
Dy stan = 
(Rig + R,)? + (X eq F X)? 
122.3 
= —————. = 150A 
0.417? + 0.6992 
From Eq. 6.25 
ihe 3 x 150? x 0.144 
a a = = =77.3N-m 


O, 125.7 


Practice Problem 6.3 


The rotor of the induction motor of Example 6.3 is replaced by a rotor with twice the rotor 
resistance but which is otherwise identical to the original rotor. Repeat the calculations of 
Example 6.2. 


Solution 


a. Ip = 12.4 A, Tech = 35.0 N-m, Prech = 4270 W 
b. Tax = 175 N-m at speed = 740 r/min 
c. At starting, Tyan = 128 N-m, Jo stat = 136A 
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Practice Problem 6.4 


For the induction motor of Example 6.3, find (a) the rotor resistance required to produce peak 
electromechanical torque at zero speed (i.€., Smaxr = 1.0) and (b) the corresponding torque Thnax- 


Solution 


a. R, = 0.7512 
b. Tax = 175N-m 


Under the conditions of constant-frequency operation, a typical conventional 
induction motor with a squirrel-cage rotor is substantially a constant-speed motor 
having about 10 percent or less drop in speed from no load to full load. In the case of 
a wound-rotor induction motor, speed variation can be obtained by inserting external 
resistance in the rotor circuit; the influence of increased rotor resistance on the torque- 
speed characteristic is shown by the dashed curves in Fig. 6.16. For such a motor, 
significant speed variations can be achieved as the rotor resistance is varied. Similarly, 
the zero-speed torque variations seen in Fig. 6.16 illustrate how the starting torque of 
a wound-rotor induction motor can be varied by varying the rotor resistance. 

Notice from Eqs. 6.35 and 6.36 that the slip at maximum torque is directly 
proportional to rotor resistance R2 but the value of the maximum torque is independent 
of R2. When R) is increased by inserting external resistance in the rotor of a wound- 
rotor motor, the maximum electromechanical torque is unaffected but the speed at 
which it occurs can be directly controlled. This result can also be seen by observing 


Torque in percent of rated torque 
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Slip as a fraction of synchronous speed 


Figure 6.16 [nduction-motor torque-slip curves 
showing effect of changing rotor-circuit resistance. 
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that the electromechanical torque expression of Eq. 6.33 is a function of the ratio 
R»2/s. Thus, the torque is unchanged as long as the ratio R2/s remains constant. 


| EXAMPLE 6.4 | 


A three-phase, 230-V, 60-Hz, 12-kW, four-pole wound-rotor induction motor has the following 
parameters expressed in (2/phase. 


R, =0.095 X;=0.680 X,=0.672 X,, = 18.7 


Using MATLAB,' plot the electromechanical mechanical torque Tyec, aS a function of 
rotor speed in r/min for rotor resistances of R, = 0.1, 0.2, 0.5, 1.0 and 1.5 Q. 


@ Solution 
The desired plot is shown in Fig. 6.17. 
Here is the MATLAB script: 


€le 
clear 


Here are the motor parameters 


V1 = 230/sqrt (3); 


nph = 3; 

poles = 4; 
fe = 60; 

R1 = 0.095; 
X1 = 0.680; 
X2 = 0.672; 
Xm = 18.7; 


Calculate the synchronous speed 


omegas = 4*pi*fe/poles; 
ns = 120*fe/poles; 


Calculate stator Thevenin equivalent 


Zleq = j*Xm*(R1+j)*X1)/(R1 + j*(X1+Xm)); 
Rleq = real(Zleq); 
Xleq = imag(Zleq); 


Vleg = abs(V1*j*Xm/(R1 + j*(X1+Xm))); 


Here is the loop over rotor resistance 


for m= 1:5 
if m == 
R2 = 0.1; 
elseif m==2 
R2 = 0427 


* MATLAB is a registered trademark of The MathWorks, Inc. 
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elseif m==3 


R2 = 0.5; 
elseif m==4 

R2 = 1.0; 
else 

R2 = 1.5; 
end 


Here is the loop over slip 


for n = 1:200 


s(n) = n/200; $slip 
rpm(n) = ns*(1-s(n)); Srpm 
I2 = abs(Vleq/(Zleq + j*X2 + R2/s(n))); %12 


Tmech(n) = nph*1I2*°2*R2/(s(n)*omegas); *Electromechanical torque 
end %End of slip loop 


SNow plot 


plot (rpm, Tmech) 

if m ==1 
hold 

end 
end %End of resistance loop 
hold 
xlabel (‘rpm’) 
ylabel(‘Tmech’ ) 


100 


0 500 1000 1500 2000 
rpm 


Figure 6.17 Electromechanical torque vs. speed for the wound-rotor 
induction motor of Example 6.4 for various values of the rotor 
resistance Ao. 
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| Practice Problem 6.5 | Problem 6.5 


Calculate the electromechanical mechanical torque for the motor of Example 6.4 assuming a 
rotor resistance of 0.3 Q and a motor speed of 1719 r/min. 


Solution 
36.8 N-m 


In applying the induction-motor equivalent circuit, the idealizations on which it 
is based should be kept in mind. This is particularly necessary when investigations 
are carried out over a wide speed range, such as is the case in investigations of motor 
starting. Saturation under the heavy inrush currents associated with starting conditions 
has a significant effect on the motor reactances. Moreover, the rotor currents are at 
slip frequency, which varies from stator frequency at zero speed to a low value at 
full-load speed. The current distribution in the rotor bars of squirrel-cage motors 
may vary significantly with frequency, giving rise to significant variations in rotor 
resistance. In fact, as discussed in Sections 6.7.2 and 6.7.3, motor designers can 
tailor the shape of the rotor bars in squirrel-cage motors to obtain various speed- 
torque characteristics. Errors from these causes can be kept to a minimum by using 
equivalent-circuit parameters corresponding as closely as possible to those of the 
proposed operating conditions. ! 


6.6 PARAMETER DETERMINATION FROM 
NO-LOAD AND BLOCKED-ROTOR TESTS 


The equivalent-circuit parameters needed for computing the performance of a poly- 
phase induction motor under load can be obtained from the results of a no-load test, 
a blocked-rotor test, and measurements of the dc resistances of the stator windings. 
Stray-load losses, which must be taken into account when accurate values of efficiency 
are to be calculated, can also be measured by tests which do not require loading the 
motor. The stray-load-loss tests are not described here, however.” 


6.6.1 No-Load Test 


Like the open-circuit test on a transformer, the no-load test on an induction motor gives 
information with respect to exciting current and no-load losses. This test is ordinarily 
performed at rated frequency and with balanced polyphase voltages applied to the 
stator terminals. Readings are taken at rated voltage, after the motor has been running 
long enough for the bearings to be properly lubricated. We will assume that the no-load 


! See, for instance, R. F. Horrell and W. E. Wood, “A Method of Determining Induction Motor 
Speed—Torque-Current Curves from Reduced Voltage Tests,” Trans. AIEE, 73(3):670-674 (1954). 
2 For information concerning test methods, see IEEE Std. 112-1996, “Test Procedures for Polyphase 


Induction Motors and Generators,” Institute of Electrical and Electronics Engineers, Inc., 345 East 47th 
Street, New York, New York, 10017. 
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test is made with the motor operating at its rated electrical frequency f, and that the 
following measurements are available from the no-load test: 


Vin! = The line-to-neutral voltage [V] 
I .»1 = The line current [V] 


P,, = The total polyphase electrical input power [W] 


In polyphase machines it is most common to measure line-to-line voltage, and thus 
the phase-to-neutral voltage must be then calculated (dividing by V3 in the case of a 
three-phase machine). 

At no load, the rotor current is only the very small value needed to produce 
sufficient torque to overcome the friction and windage losses associated with rotation. 
The no-load rotor /*R loss is, therefore, negligibly small. Unlike the continuous 
magnetic core in a transformer, the magnetizing path in an induction motor includes 
an air gap which significantly increases the required exciting current. Thus, in contrast 
to the case of a transformer, whose no-load primary /* R loss is negligible, the no-load 
stator /* R loss of an induction motor may be appreciable because of this larger exciting 
current. 

Neglecting rotor 17 R losses, the rotational loss Pro for normal running conditions 
can be found by subtracting the stator ]?R losses from the no-load input power 


Prot = Pat — Np lyn Ri (6.37) 


The total rotational loss at rated voltage and frequency under load usually is considered 
to be constant and equal to its no-load value. Note that the stator resistance R; varies 
with stator-winding temperature. Hence, when applying Eq. 6.37, care should be 
taken to use the value corresponding to the temperature of the no-load test. 

Note that the derivations presented here ignore the core-loss and the associated 
core-loss resistance and assign all the no-load losses to friction and windage. Various 
tests can be performed to separate the friction and windage losses from the core losses. 
For example, if the motor is not energized, an external drive motor can be used to 
drive the rotor to the no-load speed and the rotational loss will be equal to the required 
drive-motor output power. 

Alternatively, if the motor is operated at no load and rated speed and if it is then 
suddenly disconnected from the supply, the decay in motor speed will be determined 
by the the rotational loss as 


J — = —T, = -—— (6.38) 


Hence, if the rotor inertia J is known, the rotational loss at any speed @, can be de- 
termined from the resultant speed decay as 


Prot (@n) = —On J —— (6.39) 


Thus, the rotational losses at rated speed can be determined by evaluating Eq. 6.39 
as the motor is first shut off when it is operating at rated speed. 
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If the no-load rotational losses are determined in this fashion, the core loss can 
be determined as 


Proore = Pai — Prot — Monty a Ri (6.40) 


Here Pore is the total no-load core loss corresponding to the voltage of the no-load 
test (typically rated voltage). 

Under no-load conditions, the stator current is relatively low and, to a first approx- 
imation, one can neglect the corresponding voltage drop across the stator resistance 
and leakage reactance. Under this approximation, the voltage across the core-loss re- 
sistance will be equal to the no-load line-to-neutral voltage and the core-loss resistance 
can be determined as 


MV? 
= Ph hal (6.41) 


© Peore 

Provided that the machine is operated close to rated speed and rated voltage, the 
refinement associated with separating out the core loss and specifically incorporating it 
in the form of a core-loss resistance in the equivalent circuit will not make a significant 
difference in the results of an analysis. Hence, it is common to ignore the core-loss 
resistance and to simply include the core losses with the rotational losses. For the 
purposes of analytical simplicity, this approach will be followed in the remainder of 
the text. However, if necessary, the reader should find it relatively straight forward to 
modify the remaining derivations to appropriately include the core-loss resistance. 

Because the slip at no load, 5,1, is very small, the reflected rotor resistance Rz/Sy is 
very large. The parallel combination of rotor and magnetizing branches then becomes 
j Xm shunted by the rotor leakage reactance X2 in series with a very high resistance, 
and the reactance of this parallel combination therefore very nearly equals Xm. Con- 
sequently the apparent reactance X,; measured at the stator terminals at no load very 
nearly equals X; + Xy, which is the self-reactance X,, of the stator; i.e., 


Xn = X11 =X,+Xm (6.42) 


The self-reactance of the stator can therefore be determined from the no-load 
measurements. The reactive power at no load Q,) can be determined as 


Qu = \/ 54, — Pi (6.43) 


Sat = NpnVi ntl int (6.44) 


where 


is the total apparent power input at no load. 
The no-load reactance X,; can then be calculated from Q,) and Jy) as 


On 
al = 


= 2 
Apnl i nt 


(6.45) 


Usually the no-load power factor is small (i.e., Qy1 >> Py) so that the no-load 
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reactance very nearly equals the no-load impedance. 


V 
Xu ny I,nl 


(6.46) 
Tint 


6.6.2 Blocked-Rotor Test 


Like the short-circuit test on a transformer, the blocked-rotor test on an induction motor 
gives information with respect to the leakage impedances. The rotor is blocked so that 
it cannot rotate (hence the slip is equal to unity), and balanced polyphase voltages are 
applied to the stator terminals. We will assume that the following measurements are 
available from the blocked-rotor test: 


Vi.b1 = The line-to-neutral voltage [V] 

Z\,»1 = The line current [V] 
Py, = The total polyphase electrical input power [W] 
fo: = The frequency of the blocked-rotor test [Hz] 


In some cases, the blocked-rotor torque also is measured. 

The equivalent circuit for blocked-rotor conditions is identical to that of a short- 
circuited transformer. An induction motor is more complicated than a transformer, 
however, because its leakage impedance may be affected by magnetic saturation of 
the leakage-flux paths and by rotor frequency. The blocked-rotor impedance may also 
be affected by rotor position, although this effect generally is small with squirrel-cage 
rotors. 

The guiding principle is that the blocked-rotor test should be performed under 
conditions for which the current and rotor frequency are approximately the same as 
those in the machine at the operating condition for which the performance is later to 
be calculated. For example, if one is interested in the characteristics at slips near unity, 
as in starting, the blocked-rotor test should be taken at normal frequency and with 
currents near the values encountered in starting. If, however, one is interested in normal 
running characteristics, the blocked-rotor test should be taken at a reduced voltage 
which results in approximately rated current; the frequency also should be reduced, 
since the values of rotor effective resistance and leakage inductance at the low rotor 
frequencies corresponding to small slips may differ appreciably from their values at 
normal frequency, particularly with double-cage or deep-bar rotors, as discussed in 
Section 6.7.2. 

IEEE Standard 112 suggests a blocked-rotor test frequency of 25 percent of 
rated frequency. The total leakage reactance at normal frequency can be obtained 
from this test value by considering the reactance to be proportional to frequency. The 
effects of frequency often are negligible for normal motors of less than 25-hp rating, 
and the blocked impedance can then be measured directly at normal frequency. The 
importance of maintaining test currents near their rated value stems from the fact that 
these leakage reactances are significantly affected by saturation. 

Based upon blocked-rotor measurements, the blocked-rotor reactance can be 
found from the blocked-rotor reactive power 


On = 1/ $2, — Pe (6.47) 
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where 
Sot = Non Vip 1,b1 (6.48) 


is the total blocked-rotor apparent power. The blocked-rotor reactance, corrected to 
rated frequency, can then be calculated as 


tt ) Qo1 
Xy = ( — ——— 6.49 
(4 (-2-) ( 


The blocked-rotor resistance can be calculated from the blocked-rotor input 
power as 


P 
Ry = — (6.50) 
2 
ph! i 1 


Once these parameters have been determined, the equivalent circuit parameters 
can be determined. Under blocked-rotor conditions, an expression for the stator input 
impedance can be obtained from examination of Fig. 6.11a (with s = 1) as 


Zu = Ry + 7X1 + (Ro + jX2) in parallel with j X;q 


ee 
TNR + (Xm + X2)? 


Xm(R3 + X2(Xm te) | Gai 


+i (Xi+ 
i( R34 (Xm + X2)? 


Here we have assumed that the reactances are at their rated-frequency values. Making 
appropriate approximations (e.g., assuming R2 < X,), Eq. 6.51 can be reduced to 


x - x 
Fics Rae Re (a A... c3 6.52 
bl 1+ (3) +i ( I (aee ( ) 


Thus the apparent resistance under blocked-rotor conditions is given by 


xX 2 
Ry = R, + Rp ( ——— 6.53 
bl 1+ (ee) (6.53) 


and the apparent rated-frequency blocked-rotor reactance by 


Xp = Xi + X2 ( (6.54) 


nt) 
X2 + Xm 

From Eqs. 6.54 and 6.53, the rotor leakage reactance X2 and resistance R2 can 
be found as 


Xm 
Cy). 6.55 
2 = (Xo (eae-x) (6.55) 
and 
4 Ke \7 
Ry = (Roi — Ri) (=e) (6.56) 
Xm 
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Table 6.1. Empirical distribution of leakage reactances in induction motors. 


Fraction of 


X, +X, 
Motor class Description X X 
A Normal starting torque, normal starting current 0.5 0.5 
B Normal starting torque, low starting current 0.4 0.6 
Cc High starting torque, low starting current 0.3 0.7 
D High starting torque, high slip 0.5 0.5 
Wound rotor Performance varies with rotor resistance 0.5 0.5 


Source: IEEE Standard 112. 


In order to achieve maximum accuracy as with the no-load test, if possible the value 
of the stator resistance R, used in Eq. 6.56 should be corrected to the value corre- 
sponding to the temperature of the blocked-rotor test. 

Substituting for X,, from Eq. 6.42 into Eq. 6.55 gives 


a 


(6.57) 
Xu — Xvi 


X2 = (Xp — X1) ( 

Equation 6.57 expresses the rotor leakage reactance X>2 in terms of the measured 
quantities X, and X} and the unknown stator leakage reactance X. Itis not possible to 
make an additional measurement from which X, and X>2 can be determined uniquely. 
Fortunately, the performance of the motor is affected relatively little by the way in 
which the total leakage reactance is distributed between the stator and rotor. IEEE 
Standard 112 recommends the empirical distribution shown in Table 6.1. If the motor 
class is unknown, it is common to assume that X; and X> are equal. 

Once the fractional relationship between X; and X>2 has been determined, it can 
be substituted into Eq. 6.57 and X2 (and hence X,) can be found in terms of X,) and 
Xy by solving the resultant quadratic equation. 

The magnetizing reactance X, can then be determined from Eq. 6.42. 


Xm = Xq — X1 (6.58) 


Finally, using the known stator resistance and the values of X,, and X2 which are now 
known, the rotor resistance R2 can now be determined from Eq. 6.56. 
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The following test data apply to a 7.5-hp, three-phase, 220-V, 19-A, 60-Hz, four-pole induction 
motor with a double-squirrel-cage rotor of design class C (high-starting-torque, low-starting- 
current type): 


Test 1: No-load test at 60 Hz 
Applied voltage V = 219 V line-to-line 
Average phase current J; 1 = 5.70 A 
Power P,, =380 W 
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Test 2: Blocked-rotor test at 15 Hz 
Applied voltage V = 26.5 V line-to-line 
Average phase current J;,), = 18.57 A 
Power P,, =675 W 
Test 3: Average dc resistance per stator phase (measured immediately after test 2) 
R, = 0.262 Q 
Test 4: Blocked-rotor test at 60 Hz 
Applied voltage V = 212 V line-to-line 
Average phase current J; 4, = 83.3 A 
Power P,, = 20.1 kW 
Measured starting torque Tyran = 74.2 N-m 


a. Compute the no-load rotational loss and the equivalent-circuit parameters applying to the 
normal running conditions. Assume the same temperature as in test 3. Neglect any effects 
of core loss, assuming that core loss can be lumped in with the rotational losses. 

b. Compute the electromechanical starting torque from the input measurements of test 4. 
Assume the same temperature as in test 3. 


Solution 
a. From Eq. 6.37, the rotational losses can be calculated as 


Par = Pu — Mpnt?,Ri = 380 — 3 x 5.70? x 0.262 = 354 W 


The line-to-neutral no-load voltage is equal to V;.,, = 219/./3 = 126.4 V and thus, 
from Eqs. 6.43 and 6.44, 


On = Vpn Vinitim)? — P2 = /(3 x 126.4 x 5.7)? — 380? = 2128 W 


and thus from Eq. 6.45 


x = Qn 21 28 


= = —~ =21.82 
alia. 26 oa" 


We can assume that the blocked-rotor test at a reduced frequency of 15 Hz and rated 
current reproduces approximately normal running conditions in the rotor. Thus, from 
test 2 and Egs. 6.47 and 6.48 with V;,, = 26.5//3 = 15.3 V 


Ou = VW (nn Viw tind? — P2 = VG x 15.3 x 18.57)? ~— 675? = 520 VA 


and thus from Eq. 6.49 


fi Qn 60 520 
= ee me haa | 201 
is G (5) (3) (; x aan) ae 


Since we are told that this is a Class C motor, we can refer to Table 6.1 and assume 
that X; = 0.3(X; + X2) or X; = kX, where k = 0,429. Substituting into Eq. 6.57 results 
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in a quadratic in X2 
RX? 4+ (Xu —k) — Xn +4) X2. 4+ Xn Xn = 0 
or 
(0.429)?X, + (2.01(1 — 0.429) — 22.0(1 + 0.429))X. + 22.0(2.01) 
= 0.184X} — 30.29X, + 44.22 =0 


Solving gives two roots: 1.48 and 163.1. Clearly, X, must be less than X,; and hence 
itis easy to identify the proper solution as 


X, = 1.48 Q 
and thus 
X, = 0.633 Q 
From Eq. 6.58, 
Xm = Xqy — X; = 21.22 
R,, can be found from Eq. 6.50 as 
Py 675 


Ry = —— = ———— = 0.6522 
Apply 3 Xx 18.57? 
and thus from Eq. 6.56 
2 
ye Xe 
R, = (Ry — Ri) ( ae ) 
22.68 \” 

= (0.652 — 0.262) ( 3) = 0.4472 


The parameters of the equivalent circuit for small values of slip have now been 
calculated. 
. Although we could calculate the electromechanical starting torque from the equivalent- 
circuit parameters derived in part (a), we recognize that this is a double-squirrel-cage 
motor and hence these parameters (most specifically the rotor parameters) will differ 
significantly under starting conditions from their low-slip values calculated in part (a). 
Hence, we will calculate the electromechanical starting torque from the rated-frequency, 
blocked-rotor test measurements of test 4. 

From the power input and stator J? R losses, the air-gap power Pyap iS 


Peay = Py — Nyt? Ri = 20,100 — 3 x 83.3? x 0.262 = 14,650 W 


Since this is a four-pole machine, the synchronous speed can be found from Eq. 6.26 as 
@, = 188.5 rad/sec. Thus, from Eq. 6.25 with s = 1 


Pex _ 14,650 


= =77.7N-m 
Ws 188.5 


Tyan = 
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The test value, Tita, = 74.2 N-m is a few percent less than the calculated value because 
the calculations do not account for the power absorbed in the stator core loss or in 
stray-load losses. 


| Practice Problem 6.6 | Problem 6.6 


Repeat the equivalent-circuit parameter calculations of Example 6.5 under the assumption that 
the rotor and stator leakage reactances are equal (i.e., that X; = X,). 


Solution 
R, = 0.2622 R,=0.4302 
X,=103Q2 X,=2082 X,=1.032 


Calculation of the blocked-rotor reactance can be simplified if one assumes that 
Xm >> X2. Under this assumption, Eq. 6.54 reduces to 


Xp = Xi + X2 (6.59) 


X, and X2 can then be found from Eq. 6.59 and an estimation of the fractional 
relationship between X; and X2 (such as from Table 6.1). 

Note that one might be tempted to approximate Eq. 6.56, the expression for 
R>, in the same fashion. However, because the ratio (X2 + Xm)/Xm is squared, the 
approximation tends to result in unacceptably large errors and cannot be justified. 


| EXAMPLE 6.6 | 6.6 


(a) Determine the parameters of the motor of Example 6.5 solving for the leakage reactances 
using Eq. 6.59. (b) Assuming the motor to be operating from a 220-V, 60-Hz source at a speed 
of 1746 r/min, use MATLAB to calculate the output power for the two sets of parameters. 


# Solution 
a. As found in Example 6.5, 


Xy =2182 Xp =2.012 
R, = 0.2622 Ry = 0.6522 


Thus, from Eq. 6.42, 
X, + Xm = Xp = 21.82 
and from Eq. 6.59 
X, +X, = Xy = 2.01 2 


From Table 6.1, X; = 0.3(X; + X2) = 0.603 Q and thus X = 1.41 Q and 
Re Ii o. 
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Finally, from Eq. 6.56, 


X.+ Xm 


2 
= 0.444 Q 
z=) 


Ry = (Ru — Ri) ( 


Comparison with Example 6.5 shows the following 


Parameter Example 6.5 Example 6.6 
R, 0.262 Q 0.262 Q 
Ry 0.447 Q 0.444 Q 
X\ 0.633 Q 9.603 Q 
X2 1.47 1.41 Q 
Xm 21.2 Q 21.2 Q 


b. For the parameters of Example 6.6, Pena, = 2467 [W] while for the parameters of part (a) 
of this example, Pena, = 2497 [W]. Thus the approximation associated with Eq. 6.59 
results in an error on the order of 1 percent from using the more exact expression of 
Eq. 6.54. This is a typical result and hence this approximation appears to be justifiable in 
most cases. 


Here is the MATLAB script: 


CLc 
clear 


oe 


Here are the two sets of parameters 
% Set 1 corresponds to the exact solution 
% Set 2 corresponds to the approximate solution 


R1(1) = 0.262; R1(2) = 0.262; 
R2(1) = 0.447; R2(2) = 0.444; 
X1(1) = 0.633; X1(2) = 0.603; 
X2(1) = 1.47; X22) Se Leads 
Xm(1) = 21.2; Xm(2) = 21.2; 
nph = 3; 

poles = 4; 

Prot = 354; 


Here is the operating condition 


V1 = 220/sqrt(3); 
fers. 60% 
rpm = 1746; 


SCalculate the synchronous speed 
ns = 120*fe/poles; 

omegas = 4*pi*fe/poles; 

slip = (ns-rpom)/ns; 

omegam = omegas*(1-slip); 
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$Calculate stator Thevenin equivalent 


SLoop over the two motors 


for m = 1:2 


Zgap = j*Xm(m)*(j*X2(m)+R2(m)/slip)/(R2(m)/slip+j* (Xm(m)+X2(m))); 
Zin = Rl(m) + j*Xl(m) + Zgap; 

Il = V1/Zin; 

I2 = I1*(j*Xm(m))/(R2(m)/slip+j* (Xm(m)+X2(m))); 

Tmech = nph*abs(I2)*2*R2(m)/(slip*omegas); %Electromechanical torque 
Pmech = omegam*Tmech; %Electromechanical power 

Pshaft = Pmech - Prot; 

if (m == 1) 

fprintf(’\nExact solution:’) 

else 

fprintf(’\nApproximate solution:’) 


end 


fprintf(‘\n Pmech=%.1f£ [W], Pshaft =%.1f£ [W]’,Pmech, Pshaft) 
fprintf(‘\n Til = %.1f£ [A]\n',abs(1I1)); 


end % end of “for m = 1:2" loop 


6.7 EFFECTS OF ROTOR RESISTANCE; 
WOUND AND DOUBLE- 
SQUIRREL-CAGE ROTORS 


A basic limitation of induction motors with constant rotor resistance is that the rotor 
design has to be a compromise. High efficiency under normal running conditions 
requires a low rotor resistance; but a low rotor resistance results in a low starting 
torque and high starting current at a low starting power factor. 


6.7.1 Wound-Rotor Motors 


The use of a wound rotor is one effective way of avoiding the need for compromise. The 
terminals of the rotor winding are connected to slip rings in contact with brushes. For 
starting, resistors may be connected in series with the rotor windings, the result being 
increased starting torque and reduced starting current at an improved power factor. 
The general nature of the effects on the torque-speed characteristics caused by 
varying rotor resistance is shown in Fig. 6.16. By use of the appropriate value of rotor 
resistance, the maximum torque can be made to occur at standstill if high starting 
torque is needed. As the rotor speeds up, the external resistances can be decreased, 
making maximum torque available throughout the accelerating range. Since most of 
the rotor /*R loss is dissipated in the external resistors, the rotor temperature rise 
during starting is lower than it would be if the resistance were incorporated in the 
rotor winding. For normal running, the rotor winding can be short-circuited directly 
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at the brushes. The rotor winding is designed to have low resistance so that running 
efficiency is high and full-load slip is low. Besides their use when starting requirements 
are severe, wound-rotor induction motors can be used for adjustable-speed drives. 
Their chief disadvantage is greater cost and complexity than squirrel-cage motors. 

The principal effects of varying rotor resistance on the starting and running 
characteristics of induction motors can be shown quantitatively by the following 
example. 


EXAMPLE 6.7 


A three-phase, 460-V, 60-Hz, four-pole, 500-hp wound-rotor induction motor, with its slip 
rings short-circuited, has the following properties: 


Full-load slip = 1.5 percent 

Rotor J? R at full-load torque = 5.69 kW 

Slip at maximum torque = 6 percent 

Rotor current at maximum torque = 2.827, -,, where J, .; is the full-load rotor current 
Torque at 20 percent slip = 1.207; where 7; is the full-load torque 

Rotor current at 20 percent slip = 3.95 J) 


If the rotor-circuit resistance is increased to 5 R,o,., by connecting noninductive resistances 
in series with each rotor slip ring, determine (a) the slip at which the motor will develop the same 
full-load torque, (b) total rotor-circuit J? R loss at full-load torque, (c) horsepower output at 
full-load torque, (d) slip at maximum torque, (e) rotor current at maximum torque, (f) starting 
torque, and (g) rotor current at starting. Express the torques and rotor currents in per unit based 
on the full-load torque values. 


Hi Solution 

The solution involves recognition of the fact that the effects of changes in the rotor resistance 
are seen from the stator in terms of changes in the referred resistance R2/s. Examination 
of the equivalent circuit shows that, for specified applied voltage and frequency, everything 
concerning the stator performance is fixed by the value of R2/s, the other impedance elements 
being constant. For example, if R, is doubled and s is simultaneously doubled, there will be 
no indication from the stator that anything has changed. The stator current and power factor, 
the power delivered to the air gap, and the torque will be unchanged as long as the ratio R2/s 
remains constant. 

Added physical significance can be given to the argument by examining the effects of 
simultaneously doubling R, and s from the viewpoint of the rotor. An observer on the rotor 
would see the resultant air-gap flux wave traveling past at twice the original slip speed, gener- 
ating twice the original rotor voltage at twice the original slip frequency. The rotor reactance 
therefore is doubled, and since the original premise is that the rotor resistance also is doubled, 
the rotor impedance is doubled while the rotor power factor is unchanged. Since rotor voltage 
and impedance are both doubled, the effective value of the rotor current remains the same; 
only its frequency is changed. The air gap still has the same synchronously rotating flux and 
mmf waves with the same torque angle. An observer on the rotor would then agree with a 
counterpart on the stator that the torque is unchanged. 

An observer on the rotor, however, would be aware of two changes not apparent in the 
stator: (1) the rotor J? R loss will doubled, and (2) the rotor is turning more slowly and therefore 
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developing less mechanical power with the same torque. In other words, more of the power ab- 
sorbed from the stator goes into /* R heat in the rotor, and less is available for mechanical power. 
The preceding thought processes can be readily applied to the solution of this example. 


a. If the rotor resistance is increased five times, the slip must increase five times for the same 
value of R,/s and therefore for the same torque. But the original slip at full load is 0.015. 
The new slip at full-load torque therefore is 5(0.015) = 0.075. 

b. The effective value of the rotor current is the same as its full-load value before addition 
of the series resistance, and therefore the rotor R;/s loss is five times the full-load value 
of 5.69 kW, or 


Rotor /?R = 5 x 5.69 = 28.4kW 


c. The increased slip has caused the per-unit speed at full-load torque to drop from 1 — 5 = 
0.985 down to 1 — s = 0.925. Since the ratio R,/s is unchanged, the torque is the same 
and hence the power output has dropped proportionally, or 


0.925 
Prrech = 0.985 (500) = 470 hp 
Because the air-gap power is unchanged, the decrease in electromechanical mechanical 
shaft power must be accompanied by a corresponding increase in rotor JR loss. 
d. If rotor resistance is increased five times, the slip at maximum torque simply increases 
five times. But the original slip at maximum torque is 0.060. The new slip at maximum 
torque with the added rotor resistance therefore is 


Smaxt = 5(0.060) = 0.30 


e. The effective value of the rotor current at maximum torque is independent of rotor 
resistance; only its frequency is changed when rotor resistance is varied. Therefore, 


Ly maxt = 2.8215 5) 


f. With the rotor resistance increased five times, the starting torque will be the same as the 
original running torque at a slip of 0.20 and therefore equals the running torque without 
the series resistors, namely, 


Tear = 1.2074 


g. The rotor current at starting with the added rotor resistances will be the same as the rotor 
current when running at a slip of 0.20 with the slip rings short-circuited, namely, 


Ly stan = 3.9515 1 


Practice Probiem 6.7 


Consider the motor of Example 6.7. An external resistor is added to the rotor circuits such that 
the full-load torque is developed at a speed of 1719 r/min. Calculate (a) the added resistance 
in terms of the inherent rotor resistance Ryo, (b) the rotor power dissipation at full load, and 
(c) the corresponding electromechanical power. 
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Solution 


a. Added resistance = 2 Rotor 
b. Rotor /?R = 17.1 kW 
C. Pech = 485 hp 


6.7.2 Deep-Bar and Double-Squirrel-Cage Rotors 


An ingenious and simple way of obtaining a rotor resistance which will automatically 
vary with speed makes use of the fact that at standstill the rotor frequency equals the 
stator frequency; as the motor accelerates, the rotor frequency decreases to a very 
low value, perhaps 2 or 3 Hz at full load in a 60-Hz motor. With suitable shapes and 
arrangements for rotor bars, squirrel-cage rotors can be designed so that their effective 
resistance at 60 Hz is several times their resistance at 2 or 3 Hz. The various schemes 
all make use of the inductive effect of the slot-leakage flux on the current distribution 
in the rotor bars. This phenomenon is similar to the skin and proximity effect in any 
system of conductors carrying alternating current. 

Consider first a squirrel-cage rotor having deep, narrow bars like that shown in 
cross section in Fig. 6.18. The general character of the slot-leakage field produced 
by the current in the bar within this slot is shown in the figure. If the rotor iron had 
infinite permeability, all the leakage-flux lines would close in paths below the slot, as 
shown. Now imagine the bar to consist of an infinite number of layers of differential 
depth; one at the bottom and one at the top are indicated crosshatched in Fig. 6.18. The 
leakage inductance of the bottom layer is greater than that of the top layer because 
the bottom layer is linked by more leakage flux. Because all the layers are electrically 
in parallel, under ac conditions, the current in the low-reactance upper layers will be 
greater than that in the high-reactance lower layers. As a result, the current will be 
forced toward the top of the slot, and the phase of current in the upper layers will lead 
that of the current in the lower ones. 

This nonuniform current distribution results in an increase in the effective bar 
resistance and a smaller decrease in the effective leakage inductance of the bar. Since 
the distortion in current distribution depends on an inductive effect, the effective 
resistance is a function of the frequency. It is also a function of the depth of the 
bar and of the permeability and resistivity of the bar material. Figure 6.19 shows a 


Figure 6.18 Deep rotor bar and siot-leakage flux. 
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Figure 6.19 Skin effect in a copper 
rotor bar 2.5 cm deep. 


curve of the ratio of effective ac resistance to dc resistance as a function of frequency 
computed for a copper bar 2.5 cm deep. A squirrel-cage rotor with deep bars can be 
readily designed to have an effective resistance at stator frequency (corresponding to 
rotor standstill conditions) several times greater than its dc resistance. As the motor 
accelerates, the rotor frequency decreases and therefore the effective rotor resistance 
decreases, approaching its dc value at small slips. 

An alternative way of attaining similar results is the double-cage arrangement 
shown in Fig. 6.20. In this case, the squirrel-cage winding consists of two layers of 
bars short-circuited by end rings. The upper bars are of smaller cross-sectional area 
than the lower bars and consequently have higher resistance. The general nature of the 
slot-leakage field is shown in Fig. 6.20, from which it can be seen that the inductance 
of the lower bars is greater than that of the upper ones because of the flux crossing the 
slot between the two layers. The difference in inductance can be made quite large by 
properly proportioning the constriction in the slot between the two bars. At standstill, 
when rotor frequency equals stator frequency, there is relatively little current in the 
lower bars because of their high reactance; the effective resistance of the rotor at 
standstill is then approximately equal to that of the high-resistance upper layer. At the 
low rotor frequencies corresponding to small slips, however, reactance effects become 
negligible, and the rotor resistance then approaches that of the two layers in parallel. 

Note that since the effective resistance and leakage inductance of double-cage 
and deep-bar rotors vary with frequency, the parameters R2 and X>, representing the 


Figure 6.20 Double-squirrel-cage rotor bars and slot-leakage flux. 
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referred effects of rotor resistance and leakage inductance as viewed from the stator, 
vary with rotor speed and are not constant. Strictly speaking, a more complicated form 
of equivalent circuit, with multiple parallel branches, is required in order to represent 
these cases. 

Under steady-state conditions, the simple equivalent circuit derived in Section 6.3 
can still be used to represent induction machines in these cases. However R2 and X2 
must be varied with slip. All the basic relations still apply to the motor if the values of 
Ry and X2 are properly adjusted with changes in slip. For example, in computing the 
starting performance, R2 and X>2 should be taken as their effective values at stator fre- 
quency, while in computing the running performance at small slips, R2 should be taken 
as its effective value at a low frequency, and X2 should be taken as the stator-frequency 
value of the reactance corresponding to a low-frequency effective value of the rotor 
leakage inductance. Over the normal running range of slips, the rotor resistance and 
leakage inductance usually can be considered constant at substantially their dc values. 


6.7.3 Motor-Application Considerations 


By use of double-cage and deep-bar rotors, squirrel-cage motors can be designed to 
have the good starting characteristics resulting from high rotor resistance and, at the 
same time, the good running characteristics resulting from low rotor resistance. The 
design is necessarily somewhat of a compromise, however, and such motors lack 
the flexibility of a wound-rotor machine with external rotor resistance. As a result, 
wound-rotor motors were commonly preferred when starting requirements were se- 
vere. However, as discussed in Section 11.3, when combined with power-electronics, 
squirrel-cage motors can achieve all the flexibility of wound-rotor motors, and hence 
wound-rotor motors are becoming increasingly less common even in these cases. 

To meet the usual needs of industry, integral-horsepower, three-phase, squirrel- 
cage motors are available from manufacturers’ stock in a range of standard ratings up 
to 200 hp at various standard frequencies, voltages, and speeds. (Larger motors are 
generally regarded as special-purpose rather than general-purpose motors.) Several 
standard designs are available to meet various starting and running requirements. 
Representative torque-speed characteristics of the four most common designs are 
shown in Fig. 6.21. These curves are fairly typical of 1800 r/min (synchronous- 
speed) motors in ratings from 7.5 to 200 hp although it should be understood that 
individual motors may differ appreciably from these average curves. 

Briefly, the characteristic features of these designs are as follows. 


Design Class A: Normal Starting Torque, Normal Starting Current, Low Slip 
This design usually has a low-resistance, single-cage rotor. It emphasizes good run- 
ning performance at the expense of starting. The full-load slip is low and the full-load 
efficiency is high. The maximum torque usually is well over 200 percent of full-load 
torque and occurs at a small slip (less than 20 percent). The starting torque at full 
voltage varies from about 200 percent of full-load torque in small motors to about 
100 percent in large motors. The high starting current (500 to 800 percent of full-load 
current when started at rated voltage) is the principal disadvantage of this design. 

In sizes below about 7.5 hp these starting currents usually are within the limits on 
inrush current which the distribution system supplying the motor can withstand, and 
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Figure 6.21 Typical torque-speed curves for 
1800-r/min general-purpose induction motors. 


across-the-line starting at full voltage then can be used. Otherwise, reduced-voltage 
starting must be used. Reduced-voltage starting results in a decrease in starting torque 
because the starting torque is proportional to the square of the voltage applied to 
the motor terminals. The reduced voltage for starting is usually obtained from an 
autotransformer, called a starting compensator, which may be manually operated or 
automatically operated by relays which cause full voltage to be applied after the motor 
is up to speed. A circuit diagram of one type of compensator is shown in Fig. 6.22. If 
a smoother start is necessary, series resistance or reactance in the stator may be used. 

The class A motor is the basic standard design in sizes below about 7.5 and above 
about 200 hp. It is also used in intermediate ratings where design considerations may 
make it difficult to meet the starting-current limitations of the class-B design. Its field 
of application is about the same as that of the class-B design described next. 


Design Class B: Normal Starting Torque, Low Starting Current, Low Slip — This 
design has approximately the same starting torque as the class-A design with but 
75 percent of the starting current. Full-voltage starting, therefore, may be used with 
larger sizes than with class A. The starting current is reduced by designing for rel- 
atively high leakage reactance, and the starting torque is maintained by use of a 
double-cage or deep-bar rotor. The full-load slip and efficiency are good, about the 
same as for the class A design. However, the use of high reactance slightly decreases 
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Figure 6.22 Connections of a one-step starting 
autotransformer. 


the power factor and decidedly lowers the maximum torque (usually only slightly 
over 200 percent of full-load torque being obtainable). 

This design is the most common in the 7.5 to 200-hp range of sizes. It is used for 
substantially constant-speed drives where starting-torque requirements are not severe, 
such as in driving fans, blowers, pumps, and machine tools. 


Design Class C: High Starting Torque, Low Starting Current This design uses 
a double-cage rotor with higher rotor resistance than the class-B design. The result is 
higher starting torque with low starting current but somewhat lower running efficiency 
and higher slip than the class-A and class-B designs. Typical applications are in driving 
compressors and conveyers. 


Design Class D: High Starting Torque, HighSlip This design usually has a single- 
cage, high-resistance rotor (frequently brass bars). It produces very high starting 
torque at low starting current, high maximum torque at 50 to 100 percent slip, but runs 
at a high slip at full load (7 to 11 percent) and consequently has low running efficiency. 
Its principal uses are for driving intermittent loads involving high accelerating duty 
and for driving high-impact loads such as punch presses and shears. When driving 
high-impact loads, the motor is generally aided by a flywheel which helps supply 
the impact and reduces the pulsations in power drawn from the supply system. A 
motor whose speed falls appreciably with an increase in torque is required so that the 
flywheel can slow down and deliver some of its kinetic energy to the impact. 


6.8 SUMMARY 


In a polyphase induction motor, slip-frequency currents are induced in the rotor 
windings as the rotor slips past the synchronously-rotating stator flux wave. These 
rotor currents, in turn, produce a flux wave which rotates in synchronism with the stator 
flux wave; torque is produced by the interaction of these two flux waves. For increased 
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load on the motor, the rotor speed decreases, resulting in larger slip, increased induced 
rotor currents, and greater torque. 

Examination of the flux-mmf interactions in a polyphase induction motor shows 
that, electrically, the machine is a form of transformer. The synchronously-rotating 
air-gap flux wave in the induction machine is the counterpart of the mutual core 
flux in the transformer. The rotating field induces emf’s of stator frequency in the 
stator windings and of slip frequency in the rotor windings (for all rotor speeds other 
than synchronous speed). Thus, the induction machine transforms voltages and at 
the same time changes frequency. When viewed from the stator, all rotor electrical 
and magnetic phenomena are transformed to stator frequency. The rotor mmf reacts 
on the stator windings in the same manner as the mmf of the secondary current in a 
transformer reacts on the primary. Pursuit of this line of reasoning leads to a single- 
phase equivalent circuit for polyphase induction machines which closely resemble 
that of a transformer. 

For applications requiring a substantially constant speed without excessively 
severe starting conditions, the squirrel-cage motor usually is unrivaled because of its 
ruggedness, simplicity, and relatively low cost. Its only disadvantage is its relatively 
low power factor (about 0.85 to 0.90 at full load for four-pole, 60-Hz motors and 
considerably lower at light loads and for lower-speed motors). The low power factor 
is aconsequence of the fact that all the excitation must be supplied by lagging reactive 
power taken from the ac source. 

One of the salient facts affecting induction-motor applications is that the slip 
at which maximum torque occurs can be controlled by varying the rotor resistance. 
A high rotor resistance gives optimum starting conditions but poor running perfor- 
mance. A low rotor resistance, however, may result in unsatisfactory starting condi- 
tions. However, the design of a squirrel-cage motor is, therefore, quite likely to be a 
compromise. 

Marked improvement in the starting performance with relatively little sacrifice 
in running performance can be built into a squirrel-cage motor by using a deep-bar 
or double-cage rotor whose effective resistance increases with slip. A wound-rotor 
motor can be used for very severe starting conditions or when speed control by rotor 
resistance is required. Variable-frequency solid-state motor drives lend considerable 
flexibility to the application of induction motors in variable-speed applications. These 
issues are discussed in Chapter 11. 


6.9 PROBLEMS 


6.1 The nameplate on a 460-V, 50-hp, 60-Hz, four-pole induction motor indicates 
that its speed at rated load is 1755 r/min. Assume the motor to be operating 
at rated load. 

a. What is the slip of the rotor? 
b. What is the frequency of the rotor currents? 


c. What is the angular velocity of the stator-produced air-gap flux wave with 
respect to the stator? With respect to the rotor? 


6.9 Problems 


d. What is the angular velocity of the rotor-produced air-gap flux wave with 
respect to the stator? With respect to the rotor? 


6.2 Stray leakage fields will induce rotor-frequency voltages in a pickup coil 


6.3 


6.4 


6.5 


mounted along the shaft of an induction motor. Measurement of the frequency 

of these induced voltages can be used to determine the rotor speed. 

a. What is the rotor speed in r/min of a 50-Hz, six-pole induction motor if 
the frequency of the induced voltage is 0.89 Hz? 

b. Calculate the frequency of the induced voltage corresponding to a 
four-pole, 60-Hz induction motor operating at a speed of 1740 r/min. 
What is the corresponding slip? 

A three-phase induction motor runs at almost 1198 r/min at no load and 

1112 r/min at full load when supplied from a 60-Hz, three-phase source. 


a. How many poles does this motor have? 

b. What is the slip in percent at full load? 

c. What is the corresponding frequency of the rotor currents? 
d. 


What is the corresponding speed of the rotor field with respect to the 
rotor? With respect to the stator? 

Linear induction motors have been proposed for a variety of applications 

including high-speed ground transportation. A linear motor based on the 

induction-motor principle consists of a car riding on a track. The track is a 

developed squirrel-cage winding, and the car, which is 4.5 m long and 1.25 m 

wide, has a developed three-phase, 12-pole-pair armature winding. Power at 

75 Hz is fed to the car from arms extending through slots to rails below 

ground level. 

a. What is the synchronous speed in km/hr? 

b, Will the car reach this speed? Explain your answer. 

c. What is the slip if the car is traveling 95 km/hr? What is the frequency of 
the track currents under this condition? 

d. Ifthe control system controls the magnitude and frequency of the car 
currents to maintain constant slip, what is the frequency of the armature- 
winding currents when the car is traveling 75 km/hr? What is the 
frequency of the track currents under this condition? 

A three-phase, variable-speed induction motor is operated from a variable- 

frequency, variable-voltage source which is controlled to maintain constant 

peak air-gap flux density as the frequency of the applied voltage is varied. The 
motor is to be operated at constant slip frequency while the motor speed is 
varied between one half rated speed and rated speed. 

a. Describe the variation of magnitude and frequency of the applied voltage 
with speed. 

b. Describe how the magnitude and frequency of the rotor currents will vary 
as the motor speed is varied. 


c. How will the motor torque vary with speed? 
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Figure 6.23 Interconnected induction 
and synchronous machines 
(Problems 6.7 and 6.8). 


6.6 Describe the effect on the torque-speed characteristic of an induction motor 
produced by (a) halving the applied voltage and (b) halving both the applied 
voltage and the frequency. Sketch the resultant torque-speed curves relative 
to that of rated-voltage and rated-frequency. Neglect the effects of stator 
resistance and leakage reactance. 

6.7 Figure 6.23 shows a system consisting of a three-phase wound-rotor 
induction machine whose shaft is rigidly coupled to the shaft of a three-phase 
synchronous motor. The terminals of the three-phase rotor winding of the 
induction machine are brought out to slip rings as shown. With the system 
supplied from a three-phase, 60-Hz source, the induction machine is driven 
by the synchronous motor at the proper speed and in the proper direction of 
rotation so that three-phase, 120-Hz voltages appear at the slip rings. The 
induction motor has four-pole stator winding. 

a. How many poles are on the rotor winding of the induction motor? 

b. If the stator field in the induction machine rotates in a clockwise 
direction, what is the rotation direction of its rotor? 

c. What is the rotor speed in r/min? 
How many poles are there on the synchronous motor? 

e. Itis proposed that this system can produce de voltage by reversing two 
of the phase leads to the induction motor stator. Is this proposal 
valid? 

6.8 A system such at that shown in Fig. 6.23 is used to convert balanced 50-Hz 
voltages to other frequencies. The synchronous motor has four poles and 
drives the interconnected shaft in the clockwise direction. The induction 
machine has six poles and its stator windings are connected to the source in 
such a fashion as to produce a counterclockwise rotating field (in the 
direction opposite to the rotation of the synchronous motor). The machine 


6.9 


6.10 


6.11 
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has a wound rotor whose terminals are brought out through slip rings. 
a. At what speed does the motor run? 


b. What is the frequency of the voltages produced at the slip rings of the 
induction motor? 

c. What will be the frequency of the voltages produced at the slip rings of 
the induction motor if two leads of the induction-motor stator are 
interchanged, reversing the direction of rotation of the resultant rotating 
field? 

A three-phase, eight-pole, 60-Hz, 4160-V, 1000-kW squirrel-cage induction 

motor has the following equivalent-circuit parameters in ohms per phase Y 

referred to the stator: 


R, =0.220 Rp=0.207 X,;=1.95 X2=2.42 Xy = 45.7 


Determine the changes in these constants which will result from the following 

proposed design modifications. Consider each modification separately. 

a. Replace the stator winding with an otherwise identical winding with a 
wire size whose cross-sectional area is increased by 4 percent. 

b. Decrease the inner diameter of the stator laminations such that the air gap 
is decreased by 15 percent. 

c. Replace the aluminum rotor bars (conductivity 3.5 x 10’ mhos/m) with 
copper bars (conductivity 5.8 x 107 mhos/m). 


d. Reconnect the stator winding, originally connected in Y for 4160-V 


operation, in A for 2.4 kV operation. 
A three-phase, Y-connected, 460-V (line-line), 25-kW, 60-Hz, four-pole 
induction motor has the following equivalent-circuit parameters in ohms per 
phase referred to the stator: 


R,; =0.103) Ro =0.225 X,;=1.10 X2=1.13 Xm =59.4 


The total friction and windage losses may be assumed constant at 265 W, and 
the core loss may be assumed to be equal to 220 W. With the motor 
connected directly to a 460-V source, compute the speed, output shaft torque 
and power, input power and power factor and efficiency for slips of 1, 2 and 
3 percent. You may choose either to represent the core loss by a resistance 
connected directly across the motor terminals or by resistance R, connected 
in parallel with the magnetizing reactance Xm. 

Consider the induction motor of Problem 6.10. 

a. Find the motor speed in r/min corresponding to the rated shaft output 
power of 25 kW. (Hint: This can be easily done by writing a MATLAB 
script which searches over the motor slip.) 

b. Similarly, find the speed in r/min at which the motor will operate with 
no external shaft load (assuming the motor load at that speed to consist 
only of the friction and windage losses). 

c. Write a MATLAB script to plot motor efficiency versus output power as 
the motor output power varies from zero to full load. 
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6.12 


6.13 


6.14 


6.15 


6.16 


6.17 


d. Make a second plot of motor efficiency versus output power as the motor 
output power varies from roughly 5 kW to full load. 


Write a MATLAB script to analyze the performance of a three-phase 
induction motor operating at its rated frequency and voltage. The inputs 
should be the rated motor voltage, power and frequency, the number of poles, 
the equivalent-circuit parameters, and the rotational loss. Given a specific 
speed, the program should calculate the motor output power, the input power 
and power factor and the motor efficiency. Exercise your program on a 
500-kW, 4160 V, three-phase, 60-Hz, four-pole induction motor operating at 
1725 r/min whose rated speed rotational loss is 3.5 kW and whose 
equivalent-circuit parameters are: 


R, =0.521 Ro =1.32 X,=4.98 X,=5.32 Xn = 136 


A 15-kW, 230-V, three-phase, Y-connected, 60-Hz, four-pole squirrel-cage 
induction motor develops full-load internal torque at a slip of 3.5 percent 
when operated at rated voltage and frequency. For the purposes of this 
problem, rotational and core losses can be neglected. The following motor 
parameters, in ohms per phase, have been obtained: 


R, =0.21 X;=X2=0.26 X,=10.1 


Determine the maximum internal torque at rated voltage and frequency, 
the slip at maximum torque, and the internal starting torque at rated voltage 
and frequency. 

The induction motor of Problem 6.13 is supplied from a 230-V source 
through a feeder of impedance Zs = 0.05 + j0.14 ohms. Find the motor slip 
and terminal voltage when it is supplying rated load. 

A three-phase induction motor, operating at rated voltage and frequency, has 
a Starting torque of 135 percent and a maximum torque of 220 percent, both 
with respect to its rated-load torque. Neglecting the effects of stator resistance 
and rotational losses and assuming constant rotor resistance, determine: 

a. the slip at maximum torque. 

b. the slip at rated load. 

c. the rotor current at starting (as a percentage of rotor current at rated load). 
When operated at rated voltage and frequency, a three-phase squirrel-cage 
induction motor (of the design classification known as a high-slip motor) 
delivers full load at a slip of 8.7 percent and develops a maximum torque of 
230 percent of full load at a slip of 55 percent. Neglect core and rotational 
losses and assume that the rotor resistance and inductance remain constant, 
independent of slip. Determine the torque at starting, with rated voltage and 
frequency, in per unit based upon its full-load value. 

A 500-kW, 2400-V, four-pole, 60-Hz induction machine has the following 
equivalent-circuit parameters in ohms per phase Y referred to the stator: 


R,; =0.122) Ry =0.317 X; = 1.364 X2=1.32 Xn = 45.8 
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6.19 


6.20 
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It achieves rated shaft output at a slip of 3.35 percent with an efficiency 
of 94.0 percent. The machine is to be used as a generator, driven by a wind 
turbine. It will be connected to a distribution system which can be 
represented by a 2400-V infinite bus. 

a. From the given data calculate the total rotational and core losses at rated 
load. 

b. With the wind turbine driving the induction machine at a slip of 
—3,2 percent, calculate (i) the electric power output in kW, (ii) the 
efficiency (electric power output per shaft input power) in percent and 
(iii) the power factor measured at the machine terminals. 

c. The actual distribution system to which the generator is connected has an 
effective impedance of 0.18 + j0.41 (2/phase. For a slip of —3.2 percent, 
calculate the electric power as measured (i) at the infinite bus and (ii) at 
the machine terminals. 

Write a MATLAB script to plot the efficiency as a function of electric power 

output for the induction generator of Problem 6.17 as the slip varies from 

—0.5 to —3.2 percent. Assume the generator to be operating into the system 

with the feeder impedance of part (c) of Problem 6.17. 

For a 25-kW, 230-V, three-phase, 60-Hz squirrel-cage motor operating at 

rated voltage and frequency, the rotor /?R loss at maximum torque is 

9.0 times that at full-load torque, and the slip at full-load torque is 0.023. 

Stator resistance and rotational losses may be neglected and the rotor 

resistance and inductance assumed to be constant. Expressing torque in per 

unit of the full-load torque, find 

a. the slip at maximum torque. 

b. the maximum torque. 

c. the starting torque. 

A squirrel-cage induction motor runs at a full-load slip of 3.7 percent. 

The rotor current at starting is 6.0 times the rotor current at full load. The 

rotor resistance and inductance is independent of rotor frequency and 

rotational losses, stray-load losses and stator resistance may be neglected. 

Expressing torque in per unit of the full-load torque, compute 

a. the starting torque. 


b. the maximum torque and the slip at which the maximum torque 

occurs. 
A A-connected, 25-kW, 230-V, three-phase, six-pole, 50-Hz squirrel-cage 
induction motor has the following equivalent-circuit parameters in ohms per 
phase Y: 


R; =0.045) Ry =0.054 X;=0.29 X27 =0.28 Xm =9.6 
a. Calculate the starting current and torque for this motor connected directly 


to a 230-V source. 


b. To limit the starting current, it is proposed to connect the stator winding 
in Y for starting and then to switch to the A connection for normal 
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6.22 


6.23 


operation. (i) What are the equivalent-circuit parameters in ohms per 
phase for the Y connection? (ii) With the motor Y-connected and running 
directly off of a 230-V source, calculate the starting current and torque. 


The following data apply to a 125-kW, 2300-V, three-phase, four pole, 60-Hz 
squirrel-cage induction motor: 


Stator-resistance between phase terminals = 2.23 Q 
No-load test at rated frequency and voltage: 
Line current =7.7 A Three-phase power = 2870 W 
Blocked-rotor test at 15 Hz: 


Line voltage = 268 V__ Line current = 50.3 A 
Three-phase power = 18.2 kW 


a. Calculate the rotational losses. 

b. Calculate the equivalent-circuit parameters in ohms. Assume that 
X, = Xp. 

c. Compute the stator current, input power and power factor, output power 
and efficiency when this motor is operating at rated voltage and frequency 
at a slip of 2.95 percent. 

Two 50-kW, 440-V, three-phase, six-pole, 60-Hz squirrel-cage induction 

motors have identical stators. The dc resistance measured between any pair 

of stator terminals is 0.204 Q. Blocked-rotor tests at 60-Hz produce the 
following results: 


Motor (line-to-line) Amperes power, kW 
1 74.7 72.9 4.40 
2 99.4 72.9 11.6 


Determine the ratio of the internal starting torque developed by motor 2 
to that of motor | (a) for the same current and (b) for the same voltage. Make 
reasonable assumptions. 

Write a MATLAB script to calculate the parameters of a three-phase induction 
motor from open-circuit and blocked-rotor tests. 


Input: 


Rated frequency 

Open-circuit test: Voltage, current and power 
Blocked-rotor test: Frequency, voltage, current and power 
Stator-resistance measured phase to phase 

Assumed ratio X,/X>2 
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Output: 


Rotational loss 
Equivalent circuit parameters R;, Ro, X;, X2 and X;, 


Exercise your program on a 2300-V, three-phase, 50-Hz, 250-kW 
induction motor whose test results are: 


Stator-resistance between phase terminals = 0.636 Q 
No-load test at rated frequency and voltage: 
Line current = 20.2 A Three-phase power = 3.51 kW 
Blocked-rotor test at 12.5 Hz: 


Line voltage = 142 V___ Line current = 62.8 A 
Three-phase power = 6.55 kW 


You may assume that X,; = 0.4(X; + X2). 

A 230-V, three-phase, six-pole, 60-Hz squirrel-cage induction motor 
develops a maximum internal torqueof 288 percent at a slip of 15 percent 
when operated at rated voltage and frequency. If the effect of stator resistance 
is neglected, determine the maximum internal torque that this motor would 
develop if it were operated at 190 V and 50 Hz. Under these conditions, at 
what speed would the maximum torque be developed? 

A 75-kW, 50-Hz, four-pole, 460-V three-phase, wound-rotor induction motor 
develops full-load torque at 1438 r/min with the rotor short-circuited. An 
external non-inductive resistance of 1.1 Q is placed in series with each phase 
of the rotor, and the motor is observed to develop its rated torque at a speed of 
1405 r/min. Calculate the rotor resistance per phase of the motor itself. 

A 75-kW, 460-V, three-phase, four-pole, 60-Hz, wound-rotor induction motor 
develops a maximum internal torque of 225 percent at a slip of 16 percent 
when operated at rated voltage and frequency with its rotor short-circuited 
directly at the slip rings. Stator resistance and rotational losses may be 
neglected, and the rotor resistance and inductance may be assumed to be 
constant, independent of rotor frequency. Determine 


a. the slip at full load in percent. 
b. the rotor /7R loss at full load in watts. 
c. the starting torque at rated voltage and frequency in per unit and in N- m. 


If the rotor resistance is doubled (by inserting external series resistance 
at the slip rings) and the motor load is adjusted for such that the line current 
is equal to the value corresponding to rated load with no external resistance, 
determine 
d. the corresponding slip in percent and 
e. the torquein N-m. 
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6.29 


6.30 
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Neglecting any effects of rotational and core losses, use MATLAB to plot the 
internal torque versus speed curve for the induction motor of Problem 6.10 
for rated-voltage, rated-frequency operation. On the same plot, plot curves of 
internal torque versus speed for this motor assuming the rotor resistance 
increases by a factor of 2, 5 and 10. 

A 100-kW, three-phase, 60-Hz, 460-V, six-pole wound-rotor induction motor 
develops its rated full-load output at a speed of 1158 r/min when operated at 
rated voltage and frequency with its slip rings short-circuited. The maximum 
torque it can develop at rated voltage and frequency is 310 percent of full-load 
torque. The resistance of the rotor winding is 0.17 {2/phase Y. Neglect any 
effects of rotational and stray-load loss and stator resistance. 


a. Compute the rotor /?R loss at full load. 
b. Compute the speed at maximum torque in r/min. 


c. How much resistance must be inserted in series with the rotor windings 
to produce maximum starting torque? 


With the rotor windings short-circuited, the motor is now run from a 
50-Hz supply with the applied voltage adjusted so that the air-gap flux wave 
is essentially equal to that at rated 60-Hz operation. 


d. Compute the 50-Hz applied voltage. 


e. Compute the speed at which the motor will develop a torque equal to its 
rated 60-Hz value with its slip-rings shorted. 
A 460-V, three-phase, six-pole, 60-Hz, 150-kW, wound-rotor induction motor 
develops an internal torque of 190 percent with a line current of 200 percent 
(torque and current expressed as a percentage of their full-load values) at a 
slip of 5.6 percent when running at rated voltage and frequency with its rotor 
terminals short-circuited. The rotor resistance is measured to be 90 mQ 
between each slip ring and may be assumed to remain constant. A balanced 
set of Y-connected resistors is to be connected to the slip rings in order to 
limit the rated-voltage starting current to 200 percent of its rated value. What 
resistance must be chosen for each leg of the Y connection? What will be the 
starting torque under these conditions? 
The resistance measured between each pair of slip rings of a three-phase, 
60-Hz, 250-kW, 16-pole, wound-rotor induction motor is 49 m2. With the 
slip rings short-circuited, the full-load slip is 0.041. For the purposes of this 
problem, it may be assumed that the slip-torque curve is a straight line from 
no load to full load. The motor drives a fan which requires 250 kW at the 
full-load speed of the motor. Assuming the torque to drive the fan varies as 
the square of the fan speed, what resistance should be connected in series 
with the rotor resistance to reduce the fan speed to 400 r/min? 


DC Machines 


c machines are characterized by their versatility. By means of various com- 

binations of shunt-, series-, and separately-excited field windings they can be 

designed to display a wide variety of volt-ampere or speed-torque character- 
istics for both dynamic and steady-state operation. Because of the ease with which 
they can be controlled, systems of dc machines have been frequently used in appli- 
cations requiring a wide range of motor speeds or precise control of motor output. In 
recent years, solid-state ac drive system technology has developed sufficiently that 
these systems are replacing dc machines in applications previously associated almost 
exclusively with dc machines. However, the versatility of dc machines in combination 
with the relative simplicity of their drive systems will insure their continued use in a 
wide variety of applications. 


7.1 INTRODUCTION 


The essential features of a dc machine are shown schematically in Fig. 7.1. The stator 
has salient poles and is excited by one or more field coils. The air-gap flux distribution 
created by the field windings is symmetric about the center line of the field poles. 
This axis is called the field axis or direct axis. 

As discussed in Section 4.6.2, the ac voltage generated in each rotating arma- 
ture coil is converted to dc in the external armature terminals by means of a rotating 
commutator and stationary brushes to which the armature leads are connected. The 
commutator-brush combination forms a mechanical rectifier, resulting in a dc arma- 
ture voltage as well as an armature-mmf wave which is fixed in space. Commutator 
action is discussed in detail in Section 7.2. 

The brushes are located so that commutation occurs when the coil sides are in the 
neutral zone, midway between the field poles. The axis of the armature-mmf wave then 
is 90 electrical degrees from the axis of the field poles, i.e., in the quadrature axis. In 
the schematic representation of Fig. 7.1a, the brushes are shown in the quadrature axis 
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Figure 7.1 Schematic representations of a dc machine. 


because this is the position of the coils to which they are connected. The armature-mmf 
wave then is along the brush axis, as shown. (The geometric position of the brushes 
in an actual machine is approximately 90 electrical degrees from their position in the 
schematic diagram because of the shape of the end connections to the commutator. 
For example, see Fig. 7.7.) For simplicity, the circuit representation usually will be 
drawn as in Fig. 7.1b. 

Although the magnetic torque and the speed voltage appearing at the brushes are 
somewhat dependent on the spatial waveform of the flux distribution, for convenience 
we continue to assume a sinusoidal flux-density wave in the air gap as was done 
in Chapter 4. The torque can then be found from the magnetic field viewpoint of 
Section 4.7.2. 

The electromagnetic torque Tinech can be expressed in terms of the interaction of 
the direct-axis air-gap flux per pole ®g and the space-fundamental component Fa; 
of the armature-mmf wave, in a form similar to Eq. 4.81. With the brushes in the 
quadrature axis, the angle between these fields is 90 electrical degrees, and its sine 
equals unity. Substitution in Eq. 4.81 then gives 


514 oles ‘ 
Toa = 5 (25 ) OaF yi (7.1) 


in which the minus sign has been dropped because the positive direction of the torque 
can be determined from physical reasoning. The peak value of the sawtooth armature- 
mmf wave is given by Eg. 4.9, and its space fundamental F) is 8/7? times its peak. 
Substitution in Eq. 7.1 then gives 


oles C. ; : 
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Figure 7.2 Rectified coil voltages and resultant voltage 
between brushes in a dc machine. 


where 


i, = current in external armature circuit 
C, = total number of conductors in armature winding 
m = number of parallel paths through winding 


and 


_ poles C, 


K, (7.3) 


2mm 
is a constant determined by the design of the winding. 

The rectified voltage generated in the armature has already been found in Sec- 
tion 4.6.2 for an elementary single-coil armature, and its waveform is shown in 
Fig. 4.33. The effect of distributing the winding in several slots is shown in Fig. 7.2, in 
which each of the rectified sine waves is the voltage generated in one of the coils, with 
commutation taking place at the moment when the coil sides are in the neutral zone. 

The generated voltage as observed from the brushes is the sum of the rectified 
voltages of all the coils in series between brushes and is shown by the rippling line 
labeled e, in Fig. 7.2. With a dozen or so commutator segments per pole, the ripple 
becomes very small and the average generated voltage observed from the brushes 
equals the sum of the average values of the rectified coil voltages. From Eq. 4.53 the 
rectified voltage e, between brushes, known also as the speed voltage, is 


_ (es C; 


a= ) DgOn = KazPgom (7.4) 
2mm 


where K, is the winding constant defined in Eq. 7.3. The rectified voltage of a dis- 
tributed winding has the same average value as that of a concentrated coil. The 
difference is that the ripple is greatly reduced. 

From Eqs. 7.2 and 7.4, with all variables expressed in SI units, 


Cala = Tnech®m (7.5) 


Noting that the product of torque and mechanical speed is the mechanical power, this 
equation simply says that the instantaneous electric power associated with the speed 
voltage equals the instantaneous mechanical power associated with the magnetic 
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Figure 7.3 Typical form of magnetization curves of a dc machine. 


torque, the direction of power flow being determined by whether the machine is 
acting as a motor or generator. 

The direct-axis air-gap flux is produced by the combined mmf 5° Nir of the 
field windings; the flux-mmf characteristic is referred to as the magnetization curve 
for the machine. The form of a typical magnetization curve is shown in Fig. 7.3a, 
in which it is assumed that the armature mmf has no effect on the direct-axis flux 
because the axis of the armature-mmf wave is along the quadrature axis and hence 
perpendicular to the field axis. It will be necessary to reexamine this assumption 
later in this chapter, where the effects of saturation are investigated more thoroughly. 
Note that the magnetization curve of Fig. 7.3a does not pass through the origin. This 
behaviour will occur in cases where the field structure exhibits residual magnetism, 
i.e., where the magnetic material of the field does not fully demagnetize when the net 
field mmf is reduced to zero. 

Because the armature emf is proportional to flux times speed, it is usually more 
convenient to express the magnetization curve in terms of the armature emf ego at a 
constant speed w mo as shown in Fig. 7.3b. The voltage e, for a given flux at any other 
speed wm is proportional to the speed; i.e., from Eq. 7.4 


ply mes (7.6) 
Wm @Mm0 
Thus 
aa = (= ) €20 (7.7) 
WMmo 


or, in terms of rotational speed in r/min 


n 
é. = (=) €0 (7.8) 
no 


where ng is the rotational speed corresponding to the armature emf of eo. 
Figure 7.3c shows the magnetization curve with only one field winding excited, 
in this case with the armature voltage plotted against the field current instead of the 
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field ampere-turns. This curve can easily be obtained by test methods; since the field 
current can be measured directly, no knowledge of any design details is required. 

Over a fairly wide range of excitation the reluctance of the electrical steel in the 
machine is negligible compared with that of the air gap. In this region the flux is 
linearly proportional to the total mmf of the field windings, the constant of propor- 
tionality being the direct-axis permeance P 4; thus 


@y = Pa So Mis (7.9) 


The dashed straight line through the origin coinciding with the straight portion of the 
magnetization curves in Fig. 7.3 is called the air-gap line. This nomenclature refers 
to the fact that this linear magnetizing characteristic would be found if the reluctance 
of the magnetic material portion of the flux path remained negligible compared to that 
of the air gap, independent of the degree of magnetic saturation of the motor steel. 

The outstanding advantages of dc machines arise from the wide variety of oper- 
ating characteristics which can be obtained by selection of the method of excitation of 
the field windings. Various connection diagrams are shown in Fig. 7.4. The method of 
excitation profoundly influences both the steady-state characteristics and the dynamic 
behavior of the machine in control systems. 

Consider first dc generators. The connection diagram of a separately-excited 
generator is given in Fig. 7.4a. The required field current is a very small fraction of 
the rated armature current; on the order of 1 to 3 percent in the average generator. 
A small amount of power in the field circuit may control a relatively large amount 
of power in the armature circuit; i.e., the generator is a power amplifier. Separately- 
excited generators are often used in feedback control systems when control of the 
armature voltage over a wide range is required. 

The field windings of self-excited generators may be supplied in three different 
ways. The field may be connected in series with the armature (Fig. 7.4b), resulting in 
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Figure 7.4 Field-circuit connections of dc machines: (a) separate 
excitation, (b) series, (c) shunt, (d) compound. 
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Figure 7.5 Volt-ampere characteristics of dc generators. 


a series generator. The field may be connected in shunt with the armature (Fig. 7.4c), 
resulting in a shunt generator, or the field may be in two sections (Fig. 7.4d), one 
of which is connected in series and the other in shunt with the armature, resulting 
in a compound generator. With self-excited generators, residual magnetism must be 
present in the machine iron to get the self-excitation process started. The effects of 
residual magnetism can be clearly seen in Fig. 7.3, where the flux and voltage are 
seen to have nonzero values when the field current is zero. 

Typical steady-state volt-ampere characteristics of dc generators are shown in 
Fig. 7.5, constant-speed operation being assumed. The relation between the steady- 
state generated emf E, and the armature terminal voltage V, is 


V, = E, —I,Ra (7.10) 


where /, is the armature current output and R, is the armature circuit resistance. In a 
generator, E, is larger than V,, and the electromagnetic torque Tynech is a Countertorque 
opposing rotation. 

The terminal voltage of a separately-excited generator decreases slightly with an 
increase in the load current, principally because of the voltage drop in the armature 
resistance. The field current of a series generator is the same as the load current, so that 
the air-gap flux and hence the voltage vary widely with load. As a consequence, series 
generators are not often used. The voltage of shunt generators drops off somewhat 
with load, but not in a manner that is objectionable for many purposes. Compound 
generators are normally connected so that the mmf of the series winding aids that 
of the shunt winding. The advantage is that through the action of the series winding 
the flux per pole can increase with load, resulting in a voltage output which is nearly 
constant or which even rises somewhat as load increases. The shunt winding usually 
contains many turns of relatively small wire. The series winding, wound on the 
outside, consists of a few turns of comparatively heavy conductor because it must carry 
the full armature current of the machine. The voltage of both shunt and compound 
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Figure 7.6 Speed-torque 
characteristics of dc motors. 


generators can be controlled over reasonable limits by means of rheostats in the shunt 
field. 

Any of the methods of excitation used for generators can also be used for motors. 
Typical steady-state dc-motor speed-torque characteristics are shown in Fig. 7.6, in 
which it is assumed that the motor terminals are supplied from a constant-voltage 
source. In a motor the relation between the emf FE, generated in the armature and the 
armature terminal voltage V, is 


V, = E,t+],Ra (7.11) 
or 


I, = ——— (7.12) 


where J, is now the armature-current input to the machine. The generated emf E, 
is now smaller than the terminal voltage V,, the armature current is in the opposite 
direction to that in a generator, and the electromagnetic torque is in the direction to 
sustain rotation of the armature. 

In shunt- and separately-excited motors, the field flux is nearly constant. Conse- 
quently, increased torque must be accompanied by a very nearly proportional increase 
in armature current and hence by a small decrease in counter emf FE, to allow this 
increased current through the small armature resistance. Since counter emf is deter- 
mined by flux and speed (Eq. 7.4), the speed must drop slightly. Like the squirrel-cage 
induction motor, the shunt motor is substantially a constant-speed motor having about 
6 percent drop in speed from no load to full load. A typical speed-torque characteris- 
tic is shown by the solid curve in Fig. 7.6. Starting torque and maximum torque are 
limited by the armature current that can be successfully commutated. 

An outstanding advantage of the shunt motor is ease of speed control. With a 
rheostat in the shunt-field circuit, the field current and flux per pole can be varied at 
will, and variation of flux causes the inverse variation of speed to maintain counter 
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emf approximately equal to the impressed terminal voltage. A maximum speed range 
of about 4 or 6 to 1 can be obtained by this method, the limitation again being 
commutating conditions. By variation of the impressed armature voltage, very wide 
speed ranges can be obtained. 

In the series motor, increase in load is accompanied by increases in the arma- 
ture current and mmf and the stator field flux (provided the iron is not completely 
saturated). Because flux increases with load, speed must drop in order to maintain 
the balance between impressed voltage and counter emf; moreover, the increase in 
armature current caused by increased torque is smaller than in the shunt motor be- 
cause of the increased flux. The series motor is therefore a varying-speed motor with 
a markedly drooping speed-torque characteristic of the type shown in Fig. 7.6. For 
applications requiring heavy torque overloads, this characteristic is particularly ad- 
vantageous because the corresponding power overloads are held to more reasonable 
values by the associated speed drops. Very favorable starting characteristics also result 
from the increase in flux with increased armature current. 

In the compound motor, the series field may be connected either cumulatively, so 
that its mmf adds to that of the shunt field, or differentially, so that it opposes. The 
differential connection is rarely used. As shown by the broken-dash curve in Fig. 7.6, 
a cumulatively-compounded motor has speed-load characteristics intermediate be- 
tween those of a shunt and a series motor, with the drop of speed with load depending 
on the relative number of ampere-turns in the shunt and series fields. It does not have 
the disadvantage of very high light-load speed associated with a series motor, but it 
retains to a considerable degree the advantages of series excitation. 

The application advantages of dc machines lie in the variety of performance 
characteristics offered by the possibilities of shunt, series, and compound excitation. 
Some of these characteristics have been touched upon briefly in this section. Still 
greater possibilities exist if additional sets of brushes are added so that other voltages 
can be obtained from the commutator. Thus the versatility of dc-machine systems and 
their adaptability to control, both manual and automatic, are their outstanding features. 


7.2 COMMUTATOR ACTION 


The dc machine differs in several respects from the ideal model of Section 4.2.2. 
Although the basic concepts of Section 4.2.2 are still valid, a reexamination of the 
assumptions and a modification of the model are desirable. The crux of the matter is 
the effect of the commutator shown in Figs. 4.2 and 4.16. 

Figure 7.7 shows diagrammatically the armature winding of Figs. 4.22 and 4.23a 
with the addition of the commutator, brushes, and connections of the coils to the 
commutator segments. The commutator is represented by the ring of segments in the 
center of the figure. The segments are insulated from each other and from the shaft. 
Two stationary brushes are shown by the black rectangles inside the commutator. 
Actually the brushes usually contact the outer surface, as shown in Fig. 4.16. The 
coil sides in the slots are shown in cross section by the small circles with dots and 
crosses in them, indicating currents toward and away from the reader, respectively, as 
in Fig. 4.22. The connections of the coils to the commutator segments are shown by 
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Figure 7.7 Dc machine armature winding with commutator and brushes. 
(a), (b) Current directions for two positions of the armature. 
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the circular arcs. The end connections at the back of the armature are shown dashed 
for the two coils in slots 1 and 7, and the connections of these coils to adjacent 
commutator segments are shown by the heavy arcs. All coils are identical. The back 
end connections of the other coils have been omitted to avoid complicating the figure, 
but they can easily be traced by remembering that each coil has one side in the top of 
a slot and the other side in the bottom of the diametrically-opposite slot. 

In Fig. 7.7a the brushes are in contact with commutator segments | and 7. Current 
entering the right-hand brush divides equally between two parallel paths through the 
winding. The first path leads to the inner coil side in slot | and finally ends at the brush 
on segment 7. The second path leads to the outer coil side in slot 6 and also finally ends 
at the brush on segment 7. The current directions in Fig. 7.7a can readily be verified 
by tracing these two paths. They are the same as in Fig. 4.22. The effect is identical 
to that of a coil wrapped around the armature with its magnetic axis vertical, and a 
clockwise magnetic torque is exerted on the armature, tending to align its magnetic 
field with that of the field winding. 

Now suppose the machine is acting as a generator driven in the counterclockwise 
direction by an applied mechanical torque. Figure 7.7b shows the situation after the 
armature has rotated through the angle subtended by half a commutator segment. The 
right-hand brush is now in contact with both segments 1 and 2, and the left-hand 
brush is in contact with both segments 7 and 8. The coils in slots 1 and 7 are now 
short-circuited by the brushes. The currents in the other coils are shown by the dots 
and crosses, and they produce a magnetic field whose axis again is vertical. 

After further rotation, the brushes will be in contact with segments 2 and 8, and 
slots 1 and 7 will have rotated into the positions which were previously occupied by 
slots 12 and 6 in Fig. 7.7a. The current directions will be similar to those of Fig. 7.7a 
except that the currents in the coils in slots | and 7 will have reversed. The magnetic 
axis of the armature is still vertical. 

During the time when the brushes are simultaneously in contact with two ad- 
jacent commutator segments, the coils connected to these segments are temporarily 
removed from the main circuit comprising the armature winding, short-circuited by 
the brushes, and the currents in them are reversed. Ideally, the current in the coils 
being commutated should reverse linearly with time, a condition referred to as linear 
commutation. Serious departure from linear commutation will result in sparking at 
the brushes. Means for obtaining sparkless commutation are discussed in Section 7.9. 
With linear commutation the waveform of the current in any coil as a function of time 
is trapezoidal, as shown in Fig. 7.8. 


Figure 7.8 Waveform of current in an armature coil 
with linear commutation. 


7.3 Effect of Armature MMF 


The winding of Fig. 7.7 is simpler than that used in most dc machines. Ordi- 
narily more slots and commutator segments would be used, and except in small ma- 
chines, more than two poles are common. Nevertheless, the simple winding of Fig. 7.7 
includes the essential features of more complicated windings. 


7.3 EFFECT OF ARMATURE MMF 


Armature mmf has definite effects on both the space distribution of the air-gap flux 
and the magnitude of the net flux per pole. The effect on flux distribution is important 
because the limits of successful commutation are directly influenced; the effect on 
flux magnitude is important because both the generated voltage and the torque per 
unit of armature current are influenced thereby. These effects and the problems arising 
from them are described in this section. 

It was shown in Section 4.3.2 and Fig. 4.23 that the armature-mmf wave can 
be closely approximated by a sawtooth, corresponding to the wave produced by a 
finely-distributed armature winding or current sheet. For a machine with brushes in 
the neutral position, the idealized mmf wave is again shown by the dashed sawtooth 
in Fig. 7.9, in which a positive mmf ordinate denotes flux lines leaving the armature 
surface. Current directions in all windings other than the main field are indicated by 
black and cross-hatched bands. Because of the salient-pole field structure found in 
almost all de machines, the associated space distribution of flux will not be triangular. 
The distribution of air-gap flux density with only the armature excited is given by the 
solid curve of Fig. 7.9. As can readily be seen, it is appreciably decreased by the long 
air path in the interpolar space. 
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Figure 7.9 Armature-mmf and flux-density distribution with 
brushes on neutral and only the armature excited. 
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Figure 7.10 Flux with only the armature excited and brushes on neutral. 


The axis of the armature mmf is fixed at 90 electrical degrees from the main- 
field axis by the brush position. The corresponding flux follows the paths shown in 
Fig. 7.10. The effect of the armature mmf is seen to be that of creating flux crossing 
the pole faces; thus its path in the pole shoes crosses the path of the main-field flux. 
For this reason, armature reaction of this type is called cross-magnetizing armature 
reaction. It evidently causes a decrease in the resultant air-gap flux density under one 
half of the pole and an increase under the other half. 

When the armature and field windings are both excited, the resultant air-gap flux- 
density distribution is of the form given by the solid curve of Fig. 7.11. Superimposed 
on this figure are the flux distributions with only the armature excited (long-dash curve) 
and only the field excited (short-dash curve). The effect of cross-magnetizing armature 
reaction in decreasing the flux under one pole tip and increasing it under the other can 
be seen by comparing the solid and short-dash curves. In general, the solid curve is 
not the algebraic sum of the two dashed curves because of the nonlinearity of the iron 
magnetic circuit. Because of saturation of the iron, the flux density is decreased by a 
greater amount under one pole tip than it is increased under the other. Accordingly, the 
resultant flux per pole is lower than would be produced by the field winding alone, 
a consequence known as the demagnetizing effect of cross-magnetizing armature 
reaction. Since it is caused by saturation, its magnitude is a nonlinear function of 
both the field current and the armature current. For normal machine operation at the 
flux densities used commercially, the effect is usually significant, especially at heavy 
loads, and must often be taken into account in analyses of performance. 

The distortion of the flux distribution caused by cross-magnetizing armature 
reaction may have a detrimental influence on the commutation of the armature current, 
especially if the distortion becomes excessive. In fact, this distortion is usually an 
important factor limiting the short-time overload capability of adc machine. Tendency 
toward distortion of the flux distribution is most pronounced in a machine, such as 
a shunt motor, where the field excitation remains substantially constant while the 
armature mmf may reach very significant proportions at heavy loads. The tendency 
is least pronounced in a series-excited machine, such as the series motor, for both the 
field and armature mmf increase with load. 

The effect of cross-magnetizing armature reaction can be limited in the design and 
construction of the machine. The mmf of the main field should exert predominating 
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Figure 7.11 Armature, main-field, and resultant flux-density 
distributions with brushes on neutral. 


control on the air-gap flux, so that the condition of weak field mmf and strong armature 
mmf should be avoided. The reluctance of the cross-flux path (essentially the armature 
teeth, pole shoes, and the air gap, especially at the pole tips) can be increased by 
increasing the degree of saturation in the teeth and pole faces, by avoiding too small 
an air gap, and by using a chamfered or eccentric pole face, which increases the air 
gap at the pole tips. These expedients affect the path of the main flux as well, but the 
influence on the cross flux is much greater. The best, but also the most expensive, 
curative measure is to compensate the armature mmf by means of a winding embedded 
in the pole faces, a measure discussed in Section 7.9. 

If the brushes are not in the neutral position, the axis of the armature mmf wave 
is not 90° from the main-field axis. The armature mmf then produces not only cross 
magnetization but also a direct-axis demagnetizing or magnetizing effect, depending 
on the direction of brush shift. Shifting of the brushes from the neutral position 
is usually inadvertent due to incorrect positioning of the brushes or a poor brush 
fit. Before the invention of interpoles, however, shifting the brushes was a common 
method of securing satisfactory commutation, the direction of the shift being such 
that demagnetizing action was produced. It can be shown that brush shift in the 
direction of rotation in a generator or against rotation in a motor produces a direct-axis 
demagnetizing mmf which may result in unstable operation of a motor or excessive 
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drop in voltage of a generator. Incorrectly placed brushes can be detected by a load 
test. If the brushes are on neutral, the terminal voltage of a generator or the speed of 
a motor should be the same for identical conditions of field excitation and armature 
current when the direction of rotation is reversed. 


7.4 ANALYTICAL FUNDAMENTALS: 
ELECTRIC-CIRCUIT ASPECTS 


From Egs. 7.1 and 7.4, the electromagnetic torque and generated voltage of a dc 
machine are, respectively, 


Tmech = KaPala (7.13) 
and 
E, = K,Pa@n (7.14) 
where 
ae aaah (7.15) 
2mm 


Here the capital-letter symbols E, for generated voltage and /, for armature 
current are used to emphasize that we are primarily concerned with steady-state 
considerations in this chapter. The remaining symbols are as defined in Section 7.1. 
Equations 7.13 through 7.15 are basic equations for analysis of the machine. The 
quantity E,/, is frequently referred to as the electromagnetic power; from Eqs. 7.13 
and 7.14 it is related to electromagnetic torque by 


Fala 


Tinech = = K,Pal, (7.16) 


m 

The electromagnetic power differs from the mechanical power at the machine 
shaft by the rotational losses and differs from the electric power at the machine 
terminals by the shunt-field and armature /” R losses. Once the electromagnetic power 
E,1, has been determined, numerical addition of the rotational losses for generators 
and subtraction for motors yields the mechanical power at the shaft. 

The interrelations between voltage and current are immediately evident from the 
connection diagram of Fig. 7.12. Thus, 


Va = Ey = 1gRa (7.17) 
V, = E,+ 1,(Ra + Rs) (7.18) 

and 
IL=ltls (7.19) 


where the plus sign is used fora motor and the minus sign fora generator and R, and Rg 
are the resistances of the armature and series field, respectively. Here, the voltage V, 
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Figure 7.12 Motor or generator connection diagram 
with current directions. 


Series Shunt 
field field 


refers to the terminal voltage of the armature winding and YV, refers to the terminal 
voltage of the dec machine, including the voltage drop across the series-connected 
field winding; they are equal if there is no series field winding. 

Some of the terms in Eqs. 7.17 to 7.19 are omitted when the machine connections 
are simpler than those shown in Fig. 7.12. The resistance R, is to be interpreted as 
that of the armature plus brushes unless specifically stated otherwise. Sometimes R, 
is taken as the resistance of the armature winding alone and the brush-contact voltage 
drop is accounted for separately, usually assumed to be two volts. 


es EXAMPLE 7.1 | 


A 25-kW 125-V separately-excited dc machine is operated at a constant speed of 3000 r/min 
with a constant field current such that the open-circuit armature voltage is 125 V. The armature 
resistance is 0.02 Q. 

Compute the armature current, terminal power, and electromagnetic power and torque 
when the terminal voltage is (a) 128 V and (b) 124 V. 


Solution 
a. From Eq. 7.17, with V, = 128 V and E, = 125 V, the armature current is 
V, — E, 128 — 125 


= 2 = 150A 
fs R, 0.02 > 


in the motor direction, and the power input at the motor terminal is 
VL, = 128 x 150 = 19.20 kW 
The electromagnetic power is given by 
E,1, = 125 x 150 = 18.75 kW 


In this case, the dc machine is operating as a motor and the electromagnetic power is 
hence smaller than the motor input power by the power dissipated in the armature 
resistance. 
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Finally, the electromagnetic torque is given by Eq. 7.16: 


E,I, _ 18.75 x 10° 

On 1007 

b. In this case, F, is larger than V, and hence armature current will flow out of the machine, 
and thus the machine is operating as a generator. Hence 


Rey 3 
_fs-%_ 125-14 _ 
R, 0.02 


=59.7N-m 


Trnech = 


I, 


and the terminal power is 

VE, = 124 x 50 = 6.20kW 
The electromagnetic power is 

E,1, = 125 x 50 = 6.25 kW 


and the electromagnetic torque is 


Fig a OU bares 
mech — 100z == ° 


The speed of the separately-excited dc machine of Example 7.1 is observed to be 2950 r/min 
with the field current at the same value as in Example 7.1. For a terminal voltage of 125 V, 
calculate the terminal current and power and the electromagnetic power for the machine. Is it 
acting as a motor or a generator? 


Solution 


Terminal current: 7, = 104A 
Terminal power: V,J, = 13.0 kW 
Electromechanical power: E,/, = 12.8 kW 


The machine is acting as a motor. 


Consider again the separately-excited de machine of Example 7.1 with the field-current main- 
tained constant at the value that would produce a terminal voltage of 125 V at a speed of 
3000 r/min. The machine is observed to be operating as a motor with a terminal voltage of 
123 V and with a terminal power of 21.9 kW. Calculate the speed of the motor. 


B Solution 
The terminal current can be found from the terminal voltage and power as 


__ Input power _ 21.9 x 10° 


= =I178A 
V, 123 
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Thus the generated voltage is 
E,=V,—1,R,=119.4V 


From Eq. 7.8, the rotational speed can be found as 


n=N ( a ) = 3000 (ae) = 2866 r/min 


a0 
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Repeat Example 7.2 if the machine is observed to be operating as a generator with a terminal 
voltage of 124 V and a terminal power of 24 kW. 


Solution 
3069 r/min 


For compound machines, another variation may occur. Figure 7.12 shows a long- 
shunt connection in that the shunt field is connected directly across the line terminals 
with the series field between it and the armature. An alternative possibility is the 
short-shunt connection, illustrated in Fig. 7.13, with the shunt field directly across 
the armature and the series field between it and the line terminals. The series-field 
current is then /,, instead of J,, and the voltage equations are modified accordingly. 
There is so little practical difference between these two connections that the distinction 
can usually be ignored: unless otherwise stated, compound machines will be treated 
as though they were long-shunt connected. 

Although the difference between terminal voltage V, and armature generated 
voltage E, is comparatively small for normal operation, it has a definite bearing 
on performance characteristics. This voltage difference divided by the armature re- 
sistance determines the value of armature current J, and hence the strength of the 
armature flux. Complete determination of machine behavior requires a similar inves- 
tigation of factors influencing the direct-axis flux or, more particularly, the net flux 
per pole Bg. 


Armature 


Figure 7.13 Short-shunt compound- 
generator connections. 


374 


CHAPTER 7 DC Machines 


7.5 ANALYTICAL FUNDAMENTALS: 
MAGNETIC-CIRCUIT ASPECTS 


The net flux per pole is that resulting from the combined mmf’s of the field and 
armature windings. Although in a idealized, shunt- or separately-excited dc machine 
the armature mmf produces magnetic flux only along the quadrature axis, in a practical 
device the armature current produces flux along the direct axis, either directly as 
produced, for example, by a series field winding or indirectly through saturation 
effects as discussed in Section 7.3. The interdependence of the generated armature 
voltage E, and magnetic circuit conditions in the machine is accordingly a function 
of the sum of all the mmf’s on the polar- or direct-axis flux path. First we consider 
the mmf intentionally placed on the stator main poles to create the working flux, i.e., 
the main-field mmf, and then we include armature-reaction effects. 


7.5.1 Armature Reaction Neglected 


With no load on the machine or with armature-reaction effects ignored, the resultant 
mmf is the algebraic sum of the mmf’s acting on the main or direct axis. For the usual 
compound generator or motor having Nr shunt-field turns per pole and N, series-field 
turns per pole, 


Main-field mmf = Nels + Ne Js (7.20) 


Note that the mmf of the series field can either add to or subtract from that of the 
shunt field; the sign convention of Eq. 7.20 is such that the mmf’s add. For example, 
in the long-shunt connection of Fig. 7.12, this would correspond to the cumulative 
series-field connection in which J, = /,. If the connection of this series field-winding 
were to be reversed such that /, = —/,, forming a differential series-field connection, 
then the mmf of the series field would subtract from that of the shunt field. 

Additional terms will appear in Eq. 7.20 when there are additional field windings 
on the main poles and when, unlike the compensating windings of Section 7.9, they 
are wound concentric with the normal field windings to permit specialized control. 
When either the series or the shunt field is absent, the corresponding term in Eq. 7.20 
naturally is omitted. 

Equation 7.20 thus sums up in ampere-turns per pole the gross mmf of the main- 
field windings acting on the main magnetic circuit. The magnetization curve for a 
dc machine is generally given in terms of current in only the principal field winding, 
which is almost invariably the shunt-field winding when one is present. The mmf units 
of such a magnetization curve and of Eq. 7.20 can be made the same by one of two 
rather obvious steps. The field current on the magnetization curve can be multiplied 
by the turns per pole in that winding, giving a curve in terms of ampere-turns per pole; 
or both sides of Eq. 7.20 can be divided by Ny, converting the units to the equivalent 
current in the Ny coil alone which produces the same mmf. Thus 


N. 
Gross mmf = /[; + ( 4 I, equivalent shunt-field amperes (7.21) 
f 
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Figure 7.14 Magnetization curves for a 250-V 1200-r/min de machine. Also 
shown are field-resistance lines for the discussion of self-excitation in 
Section 7.6.1. 


This latter procedure is often the more convenient and the one more commonly 
adopted. As discussed in conjunction with Eq. 7.20, the connection of the series field 
winding will determine whether or not the series-field mmf adds to or subtracts from 
that of the main field winding. 

An example of a no-load magnetization characteristic is given by the curve 
for I, = 0 in Fig. 7.14, with values representative of those for a 100-kW, 250-V, 
1200-r/min generator. Note that the mmf scale is given in both shunt-field current 
and ampere-turns per pole, the latter being derived from the former on the basis of a 
1000 turns-per-pole shunt field. The characteristic can also be presented in normalized, 
or per-unit, form, as shown by the upper mmf and right-hand voltage scales. On these 
scales, 1.0 per-unit field current or mmf is that required to produce rated voltage at 
rated speed when the machine is unloaded; similarly, 1.0 per-unit voltage equals rated 
voltage. 

Use of the magnetization curve with generated voltage, rather than flux, plotted 
on the vertical axis may be somewhat complicated by the fact that the speed of a 
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de machine need not remain constant and that speed enters into the relation between 
flux and generated voltage. Hence, generated voltage ordinates correspond to a unique 
machine speed. The generated voltage E, at any speed wm, is given by Eqs. 7.7 and 
7.8, repeated here in terms of the steady-state values of generated voltage. 


E,= (=) E20 (7.22) 
®m0 
or, in terms of rotational speed in r/min, 
pe (=) Exo (7.23) 
no 


In these equations, @mo and no are the magnetizing-curve speed in rad/sec and r/min 
respectively and E49 is the corresponding generated voltage. 


A 100-kW, 250-V, 400-A, long-shunt compound generator has an armature resistance (including 
brushes) of 0.025 Q, a series-field resistance of 0.005 Q, and the magnetization curve of 
Fig. 7.14. There are 1000 shunt-field turns per pole and three series-field turns per pole. The 
series field is connected in such a fashion that positive armature current produces direct-axis 
mmf which adds to that of the shunt field. 

Compute the terminal voltage at rated terminal current when the shunt-field current is 
4.7 A and the speed is 1150 r/min. Neglect the effects of armature reaction. 


@ Solution 
As is shown in Fig. 7.12, for a long-shunt connection the armature and series field-currents are 
equal. Thus 


l,=1,=1,+ 1 =400+4.7 =405A 


From Eq. 7.21 the main-field gross mmf is 


f 


Ns 
Gross mmf = J; + (3) I, 


3 
=4.7+ (cams) 405 = 5.9 equivalent shunt-field amperes 


By examining the J, = O curve of Fig. 7.14 at this equivalent shunt-field current, one 
reads a generated voltage of 274 V. Accordingly, the actual emf at a speed of 1150 r/min can 
be found from Eq. 7.23 


Be (=) Ey = (1°) 274 = 263 V 
ii 1200 


Then 


V, = E, — 1,(R, + R,) = 263 — 405(0.025 + 0.005) = 251 V 
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Repeat Example 7.3 for a terminal current of 375 A and a speed of 1190 r/min. 


Solution 
257 V 


7.5.2 Effects of Armature Reaction Included 


As described in Section 7.3, current in the armature winding gives rise to a demagne- 
tizing effect caused by a cross-magnetizing armature reaction. Analytical inclusion of 
this effect is not straightforward because of the nonlinearities involved. One common 
approach is to base analyses on the measured performance of the machine in question 
or for one of similar design and frame size. Data are taken with both the field and 
armature excited, and the tests are conducted so that the effects on generated emf of 
varying both the main-field excitation and the armature mmf can be noted. 

One form of summarizing and correlating the results is illustrated in Fig. 7.14. 
Curves are plotted not only for the no-load characteristic (7, = 0) but also for a family 
of values of J,. In the analysis of machine performance, the inclusion of armature 
reaction then becomes simply a matter of using the magnetization curve corresponding 
to the armature current involved. Note that the ordinates of all these curves give values 
of armature-generated voltage E,, not terminal voltage under load. Note also that all 
the curves tend to merge with the air-gap line as the saturation of the iron decreases. 

The load-saturation curves are displaced to the right of the no-load curve by an 
amount which is a function of /,. The effect of armature reaction then is approximately 
the same as a demagnetizing mmf F,, acting on the main-field axis. This additional 
term can then be included in Eq. 7.20, with the result that the net direct-axis mmf can 
be assumed to be 


Net mmf = gross mmf — Fy, = Nelp + Nfs — AR (7.24) 


The no-load magnetization curve can then be used as the relation between gen- 
erated emf and net excitation under load with the armature reaction accounted for as 
a demagnetizing mmf. Over the normal operating range (about 240 to about 300 V 
for the machine of Fig. 7.14), the demagnetizing effect of armature reaction may be 
assumed to be approximately proportional to the armature current. 

The reader should be aware that the amount of armature reaction present in 
Fig. 7.14 is chosen so that some of its disadvantageous effects will appear in a pro- 
nounced form in subsequent numerical examples and problems illustrating generator 
and motor performance features. It is definitely more than one would expect to find 
in a normal, well-designed machine operating at normal currents. 


Consider again the long-shunt compound de generator of Example 7.3. As in Example 7.3, 
compute the terminal voltage at rated terminal current when the shunt-field current is 4.7 A 
and the speed is 1150 r/min. In this case however, include the effects of armature reaction. 
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Solution 

As calculated in Example 7.3, J, = J, = 400 A and the gross mmf is equal to 5.9 equivalent 
shunt-field amperes. From the curve labeled 7, = 400 in Fig. 7.14 (based upon a rated terminal 
current of 400 A), the corresponding generated emf is found to be 261 V (as compared to 274 V 
with armature reaction neglected). Thus from Eg. 7.23, the actual generated voltage at a speed 
of 1150 r/min is equal to 


n 1150 
E, = {—) Eo = | = } 261 =250V 
. P (+333) 


Then 


V, = E, — 1,(R, + R,) = 250 — 405(0.025 + 0.005) = 238 V 


EXAMPLE 7.5 [a 


To counter the effects of armature reaction, a fourth turn is added to the series field winding 
of the dc generator of Examples 7.3 and 7.4, increasing its resistance to 0.007 . Repeat the 


terminal-voltage calculation of Example 7.4. 


Solution 
As in Examples 7.3 and 7.4, I, = I, = 405 A. The main-field mmf can then be calculated as 


N, 4 
Gross mmf = J; + @ ,=4.7+ (ss) 405 


= 6.3 equivalent shunt-field amperes 


From the /, = 400 curve of Fig. 7.14 with an equivalent shunt-field current of 6.3 A, one 
reads a generated voltage 269 V which corresponds to an emf at 1150 r/min of 


1150 
a= ee, 2 =2 Vv 
E (sa32) 69 = 258 


The terminal voltage can now be calculated as 


V, = E, — 1,(R, + R,) = 258 — 405(0.025 + 0.007) = 245 V 


| Practice Problem 7.4 | Problem 7.4 


Repeat Example 7.5 assuming that a fifth turn is added to the series field winding, bringing its 
total resistance to 0.009 Q. 


Solution 
250 V 


7.6 Analysis of Steady-State Performance 


7.6 ANALYSIS OF STEADY-STATE 
PERFORMANCE 


Although exactly the same principles apply to the analysis of a dc machine acting as 
a generator as to one acting as a motor, the general nature of the problems ordinarily 
encountered is somewhat different for the two methods of operation. For a generator, 
the speed is usually fixed by the prime mover, and problems often encountered are 
to determine the terminal voltage corresponding to a specified load and excitation or 
to find the excitation required for a specified load and terminal voltage. For a motor, 
however, problems frequently encountered are to determine the speed corresponding 
to a specific load and excitation or to find the excitation required for specified load and 
speed conditions; terminal voltage is often fixed at the value of the available source. 
The routine techniques of applying the common basic principles therefore differ to 
the extent that the problems differ. 


7.6.1 Generator Analysis 


Since the main-field current is independent of the generator voltage, separately-excited 
generators are the simplest to analyze. For a given load, the equivalent main-field 
excitation is given by Eq. 7.21 and the associated armature-generated voltage E, 
is determined by the appropriate magnetization curve. This voltage, together with 
Eq. 7.17 or 7.18, fixes the terminal voltage. 

Shunt-excited generators will be found to self-excite under properly chosen oper- 
ating conditions. Under these conditions, the generated voltage will build up sponta- 
neously (typically initiated by the presence of a small amount of residual magnetism 
in the field structure) to a value ultimately limited by magnetic saturation. In self- 
excited generators, the shunt-field excitation depends on the terminal voltage and the 
series-field excitation depends on the armature current. Dependence of shunt-field 
current on terminal voltage can be incorporated graphically in an analysis by drawing 
the field-resistance line, the line Oa in Fig. 7.14, on the magnetization curve. The 
field-resistance line Oa is simply a graphical representation of Ohm’s law applied 
to the shunt field. It is the locus of the terminal voltage versus shunt-field-current 
operating point. Thus, the line 0a is drawn for Re = 50 Q and hence passes through 
the origin and the point (1.0 A, 50 V). 

The tendency of a shunt-connected generator to self-excite can be seen by exam- 
ining the buildup of voltage for an unloaded shunt generator. When the field circuit 
is closed, the small voltage from residual magnetism (the 6-V intercept of the mag- 
netization curve, Fig. 7.14) causes a small field current. If the flux produced by the 
resulting ampere-turns adds to the residual flux, progressively greater voltages and 
field currents are obtained. If the field ampere-turns opposes the residual magnetism, 
the shunt-field terminals must be reversed to obtain buildup. 

This process can be seen with the aid of Fig. 7.15. In Fig. 7.15, the generated 
voltage é, is shown in series with the armature inductance L, and resistance R,. The 
shunt-field winding, shown connected across the armature terminals, is represented 
by its inductance L¢ and resistance Rr. Recognizing that since there is no load current 
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Figure 7.15 Equivalent circuit for 
analysis of voltage buildup in a 
self-excited dc generator. 


on the generator (i, = 0), i, = is and thus the differential equation describing the 
buildup of the field current ig is 


di 
(hea Li) =e, — (Ra + Reis (7.25) 


From this equation it is clear that as long as the net voltage across the winding 
inductances e, — if(Ra + Re) is positive, the field current and the corresponding 
generated voltage will increase. Buildup continues until the volt-ampere relations 
represented by the magnetization curve and the field-resistance line are simultaneously 
satisfied, which occurs at theirintersection e, = (R, + Rf) ig; inthis case ate, = 250 V 
for the line Oa in Fig. 7.14. From Eq. 7.25, it is clear that the field resistance line 
should also include the armature resistance. However, this resistance is in general 
much less than the field and is typically neglected. 

Notice that if the field resistance is too high, as shown by line 0b for Rr = 100 2 
in Fig. 7.14, the intersection is at very low voltage and buildup is not obtained. 
Notice also that if the field-resistance line is essentially tangent to the lower part of 
the magnetization curve, corresponding to a field resistance of 57 Q in Fig. 7.14, 
the intersection may be anywhere from about 60 to 170 V, resulting in very unstable 
conditions. The corresponding resistance is the critical field resistance, above which 
buildup will not be obtained. The same buildup process and the same conclusions 
apply to compound generators; in a long-shunt compound generator, the series-field 
mmf created by the shunt-field current is entirely negligible. 

For a shunt generator, the magnetization curve for the appropriate value of J, is 
the locus of FE, versus /;. The field-resistance line is the locus V, versus /;. Under 
steady-state operating conditions, at any value of /;, the vertical distance between the 
line and the curve must be the /, Rg drop at the load corresponding to that condition. 
Determination of the terminal voltage for a specified armature current is then simply 
a matter of finding where the line and curve are separated vertically by the proper 
amount; the ordinate of the field-resistance line at that field current is then the terminal 
voltage. For a compound generator, however, the series-field mmf causes correspond- 
ing points on the line and curve to be displaced horizontally as well as vertically. The 
horizontal displacement equals the series-field mmf measured in equivalent shunt- 
field amperes, and the vertical displacement is still the 7,R, drop. 
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Great precision is evidently not obtained from the foregoing computational pro- 
cess. The uncertainties caused by magnetic hysteresis in dc machines make high 
precision unattainable in any event. In general, the magnetization curve on which the 
machine operates on any given occasion may range from the rising to the falling part 
of the rather fat hysteresis loop for the magnetic circuit of the machine, depending 
essentially on the magnetic history of the iron. The curve used for analysis is usually 
the mean magnetization curve, and thus the results obtained are substantially correct 
on the average. Significant departures from the average may be encountered in the 
performance of any dc machine at a particular time, however. 


ee EXAMPLE 7.6 | 


A 100-kW, 250-V, 400-A, 1200-r/min de shunt generator has the magnetization curves (includ- 
ing armature-reaction effects) of Fig. 7.14. The armature-circuit resistance, including brushes, 
is 0.025 &2. The generator is driven at a constant speed of 1200 r/min, and the excitation is 
adjusted (by varying the shunt-field rheostat) to give rated voltage at no load. 

(a) Determine the terminal voltage at an armature current of 400 A. (b) A series field of 
four turns per pole having a resistance of 0.005 Q is to be added. There are 1000 turns per 
pole in the shunt field. The generator is to be flat-compounded so that the full-load voltage 
is 250 V when the shunt-field rheostat is adjusted to give a no-load voltage of 250 V. Show 
how a resistance across the series field (referred to as a series-field diverter) can be adjusted to 
produce the desired performance. 


H Solution 
a. The SO Q field-resistance line Oa (Fig. 7.14) passes through the 250-V, 5.0-A point of the 
no-load magnetization curve. At I, = 400 A 


I,R, = 400 x 0.025 = 10 V 


Thus the operating point under this condition corresponds to a condition for which the 
terminal voltage V, (and hence the shunt-field voltage) is 10 V less than the generated 
voltage E,. 

A vertical distance of 10 V exists between the magnetization curve for J, = 400 A 
and the field-resistance line at a field current of 4.1 A, corresponding to V; = 205 V. The 
associated line current is 


f, =1,—-l=400—4=396A 


Note that a vertical distance of 10 V also exists at a field current of 1.2 A, 
corresponding to V, = 60 V. The voltage-load curve is accordingly double-valued in this 
region. It can be shown that this operating point is unstable and that the point for which 
V, = 205 V is the normal operating point. 

b. For the no-load voltage to be 250 V, the shunt-field resistance must be 50 Q and the 
field-resistance line is Oa (Fig. 7.14). At full load, 7; = 5.0 A because V, = 250 V. Then 


I, =400+5.0=405A 
and 


E, = V, + I,(R, + R,) = 250 + 405(0.025 + R,) 
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Repeat part (b) of Example 7.6, calculating the diverter resistance which would give a full-load 
voltage of 240-V if the excitation is adjusted for a no-load voltage of 250-V. 
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where R, is the parallel combination of the series-field resistance R, = 0.005 Q and the 
diverter resistance Ry 
Ry Rg 


Rk, = ————~ 
: (R; + Ra) 


The series field and the diverter resistor are in parallel, and thus the shunt-field 
current can be calculated as 


R R 
I, = 405 ‘_ | = 405 ( 2 
R, + Ra Ry 


and the equivalent shunt-field amperes can be calculated from Eq. 7.21 as 


4 I, =5.0+ a 1 
* To00"° = ; 1000 ° 


= 5.04 1.62 Rp 
= 5. : R. 


This equation can be solved for R, which can be, in turn, substituted (along with 
R, = 0.005 &2) in the equation for E, to yield 


Leet = I; 


‘a = 253.9 4+ 1.25 Tne 


This can be plotted on Fig. 7.14 (£, on the vertical axis and /,,, on the horizontal 
axis). Its intersection with the magnetization characteristic for 1, = 400 A (strictly 
speaking, of course, a curve for J, = 405 A should be used, but such a small distinction is 
obviously meaningless here) gives Ine, = 6.0 A. 

Thus 

>= Ate = 0.0031 Q 
and 


Rg = 0.0082 &2 


Solution 


Ry = 1.9mQ 


7.6.2 Motor Analysis 


The terminal voltage of a motor is usually held substantially constant or controlled 
to a specific value. Hence, motor analysis most nearly resembles that for separately- 
excited generators, although speed is now an important variable and often the one 
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whose value is to be found. Analytical essentials include Eqs. 7.17 and 7.18 relating 
terminal voltage and generated voltage (counter emf); Eq. 7.21 for the main-field 
excitation; the magnetization curve for the appropriate armature current as the graph- 
ical relation between counter emf and excitation; Eq. 7.13 showing the dependence 
of electromagnetic torque on flux and armature current; and Eq. 7.14 relating counter 
emf to flux and speed. The last two relations are particularly significant in motor 
analysis. The former is pertinent because the interdependence of torque and the sta- 
tor and rotor field strengths must often be examined. The latter is the usual medium 
for determining motor speed from other specified operating conditions. 

Motor speed corresponding to a given armature current /, can be found by first 
computing the actual generated voltage EF, from Eq. 7.17 or 7.18. Next the main-field 
excitation can be obtained from Eq. 7.21. Since the magnetization curve will be plotted 
for a constant speed @mo, which in general will be different from the actual motor 
speed @m, the generated voltage read from the magnetization curve at the foregoing 
main-field excitation will correspond to the correct flux conditions but to speed @mo. 
Substitution in Eq. 7.22 then yields the actual motor speed. 

Note that knowledge of the armature current is postulated at the start of this 
process. When, as is frequently the case, the speed at a stated shaft power or torque 
output is to be found, an iterative procedure based on assumed values of /, usually 
forms the basis for finding the solution. 
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EXAMPLE 7.7 


A 100-hp, 250-V de shunt motor has the magnetization curves (including armature-reaction 
effects) of Fig. 7.14. The armature circuit resistance, including brushes, is 0.025 92. No-load 
rotational losses are 2000 W and the stray-load losses equal 1.0% of the output. The field 
rheostat is adjusted for a no-load speed of 1100 r/min. 


a. As an example of computing points on the speed-load characteristic, determine the speed 
in r/min and output in horsepower (1 hp = 746 W) corresponding to an armature current 
of 400 A. 

b. Because the speed-load characteristic observed to in part (a) is considered undesirable, a 
stabilizing winding consisting of 1-1/2 cumulative series turns per pole is to be added. 
The resistance of this winding is assumed negligible. There are 1000 turns per pole in the 
shunt field. Compute the speed corresponding to an armature current of 400 A. 


Bi Solution 
a. Atno load, E, = 250 V. The corresponding point on the 1200-r/min no-load saturation 

curve is 

1200 
Eo = 250 | —— | = 273 V 
: (Fa) 
for which J; = 5.90 A. The field current remains constant at this value. 
At I, = 400 A, the actual counter emf is 


E, = 250 — 400 x 0.025 = 240 V 
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From Fig. 7.14 with 7, = 400 and /; = 5.90, the value of E, would be 261 V if the speed 
were 1200 r/min. The actual speed is then found from Eq. 7.23 


240 . 
n = 1200 (Fz) = 1100 r/min 


The electromagnetic power is 
E,1, = 240 x 400 = 96 kW 


Deduction of the rotational losses leaves 94 kW. With stray load losses accounted for, the 
power output Pp is given by 


94 kW —0.01P) = Py 
or 
Py = 93.1 kW = 124.8 hp 


Note that the speed at this load is the same as at no load, indicating that armature- 
reaction effects have caused an essentially flat speed-load curve. 


. With f; = 5.90 A and J, = J, = 400 A, the main-field mmf in equivalent shunt-field 


amperes is 


1.5 
: —— ] 400=6.50A 
50+ (3555) 00 = 6.5 


From Fig. 7.14 the corresponding value of E, at 1200 r/min would be 271 V. Accordingly, 


the speed is now 
240 


The power output is the same as in part (a). The speed-load curve is now drooping, due to 
the effect of the stabilizing winding. 


| Practice Problem 7.6 | Problem 7.6 


Repeat Example 7.7 for an armature current of J, = 200 A. 


Solution 


a. Speed = 1097 r/min and Py = 46.5 kW = 62.4 hp 
b. Speed = 1085 r/min 


7.7 PERMANENT-MAGNET DC MACHINES 


Permanent-magnet dc machines are widely found in a wide variety of low-power 
applications. The field winding is replaced by a permanent magnet, resulting in 
simpler construction. Permanent magnets offer a number of useful benefits in these 
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applications. Chief among these is that they do not require external excitation and its 
associated power dissipation to create magnetic fields in the machine. The space re- 
quired for the permanent magnets may be less than that required for the field winding, 
and thus permanent-magnet machines may be smaller, and in some cases cheaper, 
than their externally-excited counterparts. 

Alternatively, permanent-magnet dc machines are subject to limitations imposed 
by the permanent magnets themselves. These include the risk of demagnetization 
due to excessive currents in the motor windings or due to overheating of the magnet. 
In addition, permanent magnets are somewhat limited in the magnitude of air-gap 
flux density that they can produce. However, with the development of new magnetic 
materials such as samarium-cobalt and neodymium-iron-boron (Section 1.6), these 
characteristics are becoming less and less restrictive for permanent-magnet machine 
design. 

Figure 7.16 shows a disassembled view of a small permanent-magnet dc mo- 
tor. Notice that the rotor of this motor consists of a conventional dc armature with 
commutator segments and brushes. There is also a small permanent magnet on one 
end which constitutes the field of an ac tachometer which can be used in applications 
where precise speed control is required. 

Unlike the salient-pole field structure characteristic of a dc machine with external 
field excitation (see Fig. 7.23), permanent-magnet motors such as that of Fig. 7.16 
typically have a smooth stator structure consisting of a cylindrical shell (or fraction 
thereof) of uniform thickness permanent-magnet material magnetized in the radial 
direction. Such a structure is illustrated in Fig. 7.17, where the arrows indicate the 
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Figure 7.16 Disassembled permanent-magnet dc motor. A permanent-magnet ac tachometer 


is also included in the same housing for speed control. (Buehler Products Inc.) 
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Figure 7.17 Cross section of a typical permanent-magnet 
motor. Arrows indicate the direction of magnetization in the 
permanent magnets. 


direction of magnetization. The rotor of Fig. 7.17 has winding slots and has a com- 
mutator and brushes, as in all dc machines. Notice also that the outer shell in these 
motors serves a dual purpose: it is made up of a magnetic material and thus serves as 
a return path for magnetic flux as well as a support for the magnets. 


Figure 7.18a defines the dimensions of a permanent-magnet de motor similar to that of Fig. 7.17. 
Assume the following values: 


Rotor radius R, = 1.2 cm 
Gap length t, = 0.05 cm 
Magnet thickness t, = 0.35 cm 


Also assume that both the rotor and outer shell are made of infinitely permeable magnetic 
material (44 > oo) and that the magnet is neodymium-iron-boron (see Fig. 1.19). 

Ignoring the effects of rotor slots, estimate the magnetic flux density B in the air gap of 
this motor. 


@ Solution 
Because the rotor and outer shell are assumed to be made of material with infinite magnetic 
permeability, the motor can be represented by a magnetic equivalent circuit consisting of an 
air gap of length 27, in series with a section of neodymium-iron-boron of length 2f,, (see 
Fig. 7.18b). Note that this equivalent circuit is approximate because the cross-sectional area of 
the flux path in the motor increases with increasing radius, whereas it is assumed to be constant 
in the equivalent circuit. 

The solution can be written down by direct analogy with Example 1.9. Replacing the 
air-gap length g with 2¢, and the magnet length /,, with 2¢,,, the equation for the load line can 
be written as 


tin 
By =—Ho @ Ay, = —T po Am 
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neodymium-iron-boron magnet 
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Figure 7.18 (a) Dimension definitions for the motor of Fig. 7.17, (6) approximate 
magnetic equivalent circuit. 


This relationship can be plotted on Fig. 1.19 to find the operating point from its intersection 
with the dc magnetization curve for neodymium-iron-boron. Alternatively, recognizing that, 
in SI units, the dc magnetization curve for neodymium-iron-boron is a straight line of the 
form 


By = 1.069Hm + 1.25 
we find that 


By = B, = 1.09T 


Practice Problem 7.7 


Estimate the magnetic flux density in the motor of Example 7.8 if the rotor radius is increased 
to R, = 1.3 cm and the magnetic thickness is decreased to t,, = 0.25 cm. 


Solution 
By = By = 1.03T 


Figure 7.19 shows an exploded view of an alternate form of permanent-magnet 
dc motor. In this motor, the armature windings are made into the form of a thin disk 
(with no iron in the armature). As in any dc motor, brushes are used to commutate 
the armature current, contacting the commutator portion of the armature which is at 
its inner radius. Currents in the disk armature flow radially, and the disk is placed 
between two sets of permanent magnets which create axial flux through the armature 
winding. The combination of axial magnetic flux and radial currents produces a torque 
which results in rotation, as in any dc motor. This motor configuration can be shown 
to produce large acceleration (due to low rotor inertia), no cogging torque (due to the 
fact that the rotor is nonmagnetic), and long brush life and high-speed capability (due 
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Figure 7.19 Exploded view of a disk armature permanent- 
magnet servomotor. Magnets are Alnico. (PM! Motion 
Technologies.} 


to the fact that the armature inductance is low and thus there will be little arcing at 
the commutator segments). 

The principal difference between permanent-magnet dc machines and those dis- 
cussed previously in this chapter is that they have a fixed source of field-winding 
flux which is supplied by a permanent magnet. As a result, the equivalent circuit for 
a permanent-magnet dc motor is identical to that of the externally-excited dc motor 
except that there are no field-winding connections. Figure 7.20 shows the equivalent 
circuit for a permanent-magnet dc motor. 


7.7 Permanent-Magnet DC Machines 


Figure 7.20 Equivalent circuit of 
a permanent-magnet dc motor. 


From Eq. 7.14, the speed-voltage term for a dc motor can be written in the form 
E, = K,Pa@m where Pg is the net flux along the field-winding axis and K, is a 
geometric constant. In a permanent-magnet de machine, ®g is constant and thus 
Eq. 7.14 can be reduced to 
E, = Ky@m (7.26) 
where 
Km = K,®q (7.27) 


is known as the torque constant of the motor and is a function of motor geometry and 
magnet properties. 
Finally the torque of the machine can be easily found from Eq. 7.16 as 


Eal, 


Tech = = Kmla (7.28) 


m 


In other words, the torque of a permanent magnet motor is given by the product of 
the torque constant and the armature current. 
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EXAMPLE 7.9 


A permanent-magnet de motor is known to have an armature resistance of 1.03 Q. When 
operated at no load from a de source of 50 V, it is observed to operate at a speed of 2100 r/min 
and to draw a current of 1.25 A. Find (a) the torque constant K,,, (b) the no-load rotational 
losses of the motor and (c) the power output of the motor when it is operating at 1700 r/min 
from a 48-V source. 


# Solution 
a. From the equivalent circuit of Fig. 7.20, the generated voltage E, can be found as 


E, = Vv j- IR, 
= 50 — 1.25 x 1.03 = 48.7 V 
Ata speed of 2100 r/min, 
2100r 2a rad 1 min 
Om = - x x 
min r 60s 


= 220 rad/sec 
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Therefore, from Eq. 7.26, 


E. 48.7 
Km = aa = aa = 0.22 V/(rad/sec) 


b. At no load, all the power supplied to the generated voltage E, is used to supply rotational 
losses. Therefore 


Rotational losses = E,/, = 48.7 x 1.25=61W 


c. At 1700 r/min, 


2 
@n_ = 1700 (#) = 178 rad/sec 


and 
E, = Kn@m = 0.22 x 178 = 39.2 V 


The input current can now be found as 


pi Ea BB 997 Ege 
R, 1.03 


The electromagnetic power can be calculated as 
Prech = El, = 39.2 x 8.54 = 335 W 


Assuming the rotational losses to be constant at their no-load value (certainly an 
approximation), the output shaft power can be calculated: 


Prnat = Pmecn — rotational losses = 274 W 


| Practice Problem 7.8 | Problem 7.8 


The armature resistance of a small de motor is measured to be 178 mQ. With an applied voltage 
of 9 V, the motor is observed to operate at a no-load speed of 14,600 r/min while drawing a 
current of 437 mA. Calculate (a) the rotational loss and (b) the motor torque constant K,,. 


Solution 


a. Rotational loss = 3.90 W 
b. Ky, = 5.84 x 107? V/(rad/sec) 


7.8 COMMUTATION AND INTERPOLES 


One of the most important limiting factors on the satisfactory operation of a dc machine 
is the ability to transfer the necessary armature current through the brush contact at the 
commutator without sparking and without excessive local losses and heating of the 
brushes and commutator. Sparking causes destructive blackening, pitting, and wear 
of both the commutator and the brushes, conditions which rapidly become worse 
and burn away the copper and carbon. Sparking may be caused by faulty mechanical 
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conditions, such as chattering of the brushes or a rough, unevenly worn commutator, 
or, as in any switching problem, by electrical conditions. The latter conditions are 
seriously influenced by the armature mmf and the resultant flux wave. 

As indicated in Section 7.2, a coil undergoing commutation is in transition be- 
tween two groups of armature coils: at the end of the commutation period, the coil cur- 
rent must be equal but opposite to that at the beginning. Figure 7.7b shows the armature 
in an intermediate position during which the coils in slots | and 7 are being commu- 
tated. The commutated coils are short-circuited by the brushes. During this period the 
brushes must continue to conduct the armature current 7, from the armature winding to 
the external circuit. The short-circuited coil constitutes an inductive circuit with time- 
varying resistances at the brush contact, with rotational voltages induced in the coil, 
and with both conductive and inductive coupling to the rest of the armature winding. 

The attainment of good commutation is more an empirical art than a quantitative 
science. The principal obstacle to quantitative analysis lies in the electrical behavior of 
the carbon-copper (brush-commutator) contact film. Its resistance is nonlinear and is 
a function of current density, current direction, temperature, brush material, moisture, 
and atmospheric pressure. Its behavior in some respects is like that of an ionized gas or 
plasma. The most significant fact is that an unduly high current density in a portion of 
the brush surface (and hence an unduly high energy density in that part of the contact 
film) results in sparking and a breakdown of the film at that point. The boundary film 
also plays an important part in the mechanical behavior of the rubbing surfaces. At 
high altitudes, definite steps must be taken to preserve it, or extremely-rapid brush 
wear takes place. 

The empirical basis of securing sparkless commutation, then, is to avoid excessive 
current densities at any point in the copper-carbon contact. This basis, combined with 
the principle of utilizing all material to the fullest extent, indicates that optimum 
conditions are obtained when the current density is uniform over the brush surface 
during the entire commutation period. A linear change of current with time in the 
commutated coil, corresponding to linear commutation as shown in Fig. 7.8, brings 
about this condition and is accordingly the optimum. 

The principal factors tending to produce linear commutation are changes in brush- 
contact resistance resulting from the linear decrease in area at the trailing brush edge 
and linear increase in area at the leading edge. Several electrical factors mitigate 
against linearity. Resistance in the commutated coil is one example. Usually, however, 
the voltage drop at the brush contacts is sufficiently large (of the order of 1.0 V) in 
comparison with the resistance drop in a single armature coil to permit the latter 
to be ignored. Coil inductance is a much more serious factor. Both the voltage of 
self-induction in the commutated coil and the voltage of mutual-induction from other 
coils (particularly those in the same slot) undergoing commutation at the same time 
oppose changes in current in the commutated coil. The sum of these two voltages is 
often referred to as the reactance voltage. Its result is that current values in the short- 
circuited coil lag in time the values dictated by linear commutation. This condition is 
known as undercommutation or delayed commutation, 

Armature inductance thus tends to produce high losses and sparking at the trailing 
brush tip. For best commutation, inductance must be held to a minimum by using the 
fewest possible number of turns per armature coil and by using a multipolar design 
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with a short armature. The effect of a given reactance voltage in delaying commutation 
is minimized when the resistive brush-contact voltage drop is significant compared 
with it. This fact is one of the main reasons for the use of carbon brushes with their 
appreciable contact drop. When good commutation is secured by virtue of resistance 
drops, the process is referred to as resistance commutation. It is typically used as the 
exclusive means only in fractional-horsepower machines. 

Another important factor in the commutation process is the rotational voltage in- 
duced in the short-circuited coil. Depending on its sign, this voltage may hinder or aid 
commutation. In Fig. 7.11, for example, cross-magnetizing armature reaction creates 
a definite flux in the interpolar region. The direction of the corresponding rotational 
voltage in the commutated coil is the same as the current under the immediately pre- 
ceding pole face. This voltage then encourages the continuance of current in the old 
direction and, like the resistance voltage, opposes its reversal. To aid commutation, 
the rotational voltage must oppose the reactance voltage. The general principle is 
to produce in the coil undergoing commutation a rotational voltage which approxi- 
mately compensates for the reactance voltage, a principle called voltage commutation. 
Voltage commutation is used in almost all modern integral-horsepower commutating 
machines. The appropriate flux density is introduced in the commutating zone by 
means of small, narrow poles located between the main poles. These auxiliary poles 
are called interpoles or commutating poles. 

The general appearance of interpoles and an approximate map of the flux pro- 
duced when they alone are excited are shown in Fig. 7.21. The interpoles are the 
smaller poles between the larger main poles in the dc-motor section shown in Fig. 7.23. 
The polarity of a commutating pole must be that of the main pole just ahead of it, 1.e., 
in the direction of rotation for a generator, and just behind it for a motor. The interpole 
mmf must be sufficient to neutralize the cross-magnetizing armature mmf in the in- 
terpolar region and enough more to furnish the flux density required for the rotational 
voltage in the short-circuited armature coil to cancel the reactance voltage. Since 
both the armature mmf and the reactance voltage are proportional to the armature 
current, the commutating winding must be connected in series with the armature. To 
preserve the desired linearity, the commutating pole should operate at a relatively low 
flux level. By the use of commutating fields sparkless commutation can be obtained 
over a wide range in large dc machines. In accordance with the performance standards 
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Figure 7.21  Interpoles and their associated component flux. 


7.9 Compensating Windings 


of NEMA, ! general-purpose dc machines must be capable of carrying for one minute, 
with successful commutation, loads of 150 percent of the current corresponding to 
their continuous rating when operating with a field current equal to their rated-load 
excitation. 


7.9 COMPENSATING WINDINGS 


For machines subjected to heavy overloads, rapidly changing loads, or operation with 
a weak main field, there is the possibility of trouble other than simply sparking at 
the brushes. At the instant when an armature coil is located at the peak of a badly 
distorted flux wave, the coil voltage may be high enough to break down the air 
between the adjacent segments to which the coil is connected and result in flashover, 
or arcing, between segments. The breakdown voltage here is not high, because the 
air near the commutator is in a condition favorable to breakdown, due to the presence 
of the plasma carrying the armature current between the brushes and the commutator. 
The maximum allowable voltage between segments is of the order of 30 to 40 V, 
a fact which limits the average voltage between segments to lower values and thus 
determines the minimum number of segments which can be used in a proposed design. 
Under transient conditions, high voltages between segments may result from the 
induced voltages associated with growth and decay of armature flux. Inspection of 
Fig. 7.10, for instance, may enable one to visualize very appreciable voltages of 
this nature being induced in a coil under the pole centers by the growth or decay 
of the armature flux shown in the sketch. Consideration of the sign of this induced 
voltage will show that it adds to the normal rotational emf when load is dropped 
from a generator or added to a motor. Flashing between segments may quickly spread 
around the entire commutator and, in addition to its possibly destructive effects on 
the commutator, constitutes a direct short circuit on the line. Even with interpoles 
present, therefore, armature reaction under the poles definitely limits the conditions 
under which a machine can operate. 

These limitations can be considerably extended by compensating or neutralizing 
the armature mmf under the pole faces. Such compensation can be achieved by means 
of a compensating or pole-face winding (Fig. 7.22) embedded in slots in the pole face 
and having a polarity opposite to that of the adjoining armature winding. The physical 
appearance of such a winding can be seen in the stator section of Fig. 7.23. Since the 
axis of the compensating winding is the same as that of the armature, it will almost 
completely neutralize the armature reaction of the armature conductors under the pole 
faces when it is given the proper number of turns. It must be connected in series with 
the armature in order to carry a proportional current. The net effect of the main field, 
armature, commutating winding, and compensating winding on the air-gap flux is that, 
except for the commutation zone, the resultant flux-density distribution is substantially 
the same as that produced by the main field alone (Fig. 7.11). Furthermore, the addition 


1 NEMA Standards Publication No. MG1-1998, Motors and Generators, Sections 23 and 24, National 
Electrical Manufactures Association, 300 North 17th Street, Suite 1847, Rosslyn, Virginia, 22209. 
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Figure 7.22 Section of dc machine showing 
compensating winding. 


of a compensating winding improves the speed of response of the machine because 
it reduces the armature-circuit time constant. 

The main disadvantage of pole-face windings is their expense. They are used in 
machines designed for heavy overloads or rapidly-changing loads (steel-mill motors 
are a good example of machines subjected to severe duty cycles) or in motors intended 
to operate over wide speed ranges by shunt-field control. By way of a schematic 
summary, Fig. 7.24 shows the circuit diagram of a compound machine with a com- 
pensating winding. The relative position of the coils in this diagram indicates that the 
commutating and compensating fields act along the armature axis, and the shunt and 


Sl 


Figure 7.23 Section of a dc motor stator showing shunt and series coils, interpoles 
and pole-face compensating winding. (Westinghouse Electric Company.) 


7.10 Series Universal Motors 
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Figure 7.24 Schematic connection diagram 
of a dc machine. 


series fields act along the axis of the main poles. Rather complete control of air-gap 
flux around the entire armature periphery is thus achieved. 


7.10 SERIES UNIVERSAL MOTORS 


Figure 7.25 shows a dc machine connection with a series-connected field winding. 
For this connection the direct-axis flux ®g is proportional to the armature current. 
Hence from Eq. 7.14, the generated voltage E, is proportional to the product of the 
armature current and the motor speed, and from Eq. 7.16 we see that the torque will 
be proportional to the square of the armature current. 

The dashed line in Fig. 7.26 shows a typical speed-torque characteristic for such 
a series-connected motor under dc operating conditions. Note that because the torque 
is proportional to the square of the armature current, the torque depends only upon 
the magnitude of the armature voltage and not its polarity; reversing the polarity of 
the applied voltage will not change the magnitude or direction of the applied torque. 

If the rotor and stator structures of a series connected motor are properly laminated 
to reduce ac eddy-current losses, the resultant motor is referred to as a series universal 
motor. The series universal motor has the convenient ability to run on either alternating 
or direct current and with similar characteristics. Such a single-phase series motor 
therefore is commonly called a universal motor. The torque angle is fixed by the brush 
position and is normally at its optimum value of 90°. If alternating current is supplied 
to a series universal motor, the torque will always be in the same direction, although 
it will pulsate in magnitude at twice line frequency. Average torque will be produced, 
and the performance of the motor will be generally similar to that with direct current. 


Series 
I, field 
_—_ 


Armature 


Figure 7.25 Series-connected 
universal machine. 
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Figure 7.26 Typical torque-speed 
characteristics of a series universal motor. 


Small universal motors are used where light weight is important, as in vac- 
uum cleaners, kitchen appliances, and portable tools, and usually operate at high 
speeds (1500 to 15,000 r/min). Typical characteristics are shown in Fig. 7.26. The ac 
and dc characteristics differ somewhat for two reasons: (1) With alternating current, 
reactance-voltage drops in the field and armature absorb part of the applied voltage; 
therefore for a specified current and torque the rotational counter emf generated in 
the armature is less than with direct current, and the speed tends to be lower. (2) With 
alternating current, the magnetic circuit may be appreciably saturated at the peaks of 
the current wave. Thus the rms value of the flux may be appreciably less with alternat- 
ing current than with the same rms value of direct current. The torque therefore tends 
to be less with alternating than with direct current. The universal motor provides the 
highest horsepower per dollar in the fractional-horsepower range, at the expense of 
noise, relatively short life, and high speed. 

To obtain control of the speed and torque of a series universal motor, the applied 
ac voltage may be varied by the use of a Triac, such as is discussed in Chapter 10. The 
firing angle of the Triac can be manually adjusted, as in a trigger-controlled electric 
drill, or it can be controlled by a speed control circuit, as in some portable tools and 
appliances. The combination of a series motor and a solid-state device provides an 
economical, controllable motor package. 


7.11 SUMMARY 


This chapter has discussed the significant operating characteristics of dc machines. 
In general, the outstanding advantage of dc machines lies in their flexibility and 
versatility. Before the widespread availability of ac motor drives, dc machines were 
essentially the only choice available for many applications which required a high 
degree of control. Their principal disadvantages stem from the complexity associated 
with the armature winding and the commutator/brush system. Not only does this 
additional complexity increase the cost over competing ac machines, it also increases 
the need for maintenance and reduces the potential reliability of these machines. Yet 
the advantages of dc motors remain, and they continue to retain a strong competitive 
position in both large sizes for industrial applications and in smaller sizes for a wide 
variety of applications. 


7.412 Problems 


De generators are a simple solution to the problem of converting mechanical 
energy to electric energy in dc form, although ac generators feeding rectifier systems 
are certainly an option which must be considered. Among dc generators themselves, 
separately-excited and cumulatively-compounded, self-excited machines are the most 
common. Separately-excited generators have the advantage of permitting a wide range 
of output voltages, whereas self-excited machines may produce unstable voltages at 
lower output voltages where the field-resistance line becomes essentially tangent 
to the magnetization curve. Cumulatively-compounded generators may produce a 
substantially flat voltage characteristic or one which rises with load, whereas shunt- 
or separately-excited generators may produce a drooping voltage characteristic unless 
external regulating means (such as a series field winding) are added. 

Among dc motors, the outstanding characteristics of each type are as follows. The 
series motor operates with a decidedly drooping speed as load is added, the no-load 
speed usually being prohibitively high; the torque is proportional to almost the square 
of the current at low flux levels and to some power between 1 and 2 as saturation 
increases. The shunt motor at constant field current operates at a slightly drooping 
but almost constant speed as load is added, the torque being almost proportional 
to armature current; equally important, however, is the fact that its speed can be 
controlled over wide ranges by shunt-field control, armature-voltage control, or a 
combination of both. Depending on the relative strengths of the shunt and series field, 
the cumulatively-compounded motor is intermediate between the other two and may 
be given essentially the advantages of one or the other. 

In a wide variety of low-power applications in systems which are run from a 
dc source (automotive applications, portable electronics, etc.), dc machines are the 
most cost-effective choice. These dc machines are constructed in a wide-range of 
configurations, and many of them are based upon permanent-magnet excitation. In 
spite of the wide variety of dc machines which can be found in these various applica- 
tions, their performance can readily be determined using the models and techniques 
presented in this chapter. 


7.12 PROBLEMS 


7.1 Consider a separately-excited dc motor. Describe the speed variation of the 
motor operating unloaded under the following conditions: 

a. The armature terminal voltage is varied while the field current is held 
constant. 

b. The field current is varied while the armature terminal voltage is held 
constant. 

c. The field winding is connected in shunt directly to the armature terminals, 
and the armature terminal voltage is then varied. 

7.2 A dc shunt motor operating at an armature terminal voltage of 125 V is 
observed to be operating at a speed of 1180 r/min. When the motor is operated 
unloaded at the same armature terminal voltage but with an additional 
resistance of 5 {2 in series with the shunt field, the motor speed is observed to 
be 1250 r/min. 
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hha 


7.4 


a. Calculate the resistance of the series field. 

b. Calculate the motor speed which will result if the series resistance is 
increased from 5 Q to 15 Q. 

For each of the following changes in operating condition for a dc shunt 

motor, describe how the armature current and speed will vary: 

a. Halving the armature terminal voltage while the field flux and load torque 
remain constant. 

b. Halving the armature terminal voltage while the field current and load 
power remain constant. 

c. Doubling the field flux while the armature terminal voltage and load 
torque remain constant. 

d. Halving both the field flux and armature terminal voltage while the load 
power remains constant. 

e. Halving the armature terminal voltage while the field flux remains 
constant and the load torque varies as the square of the speed. 

Only brief quantitative statements describing the general nature of the effect 

are required, for example, “speed approximately doubled.” 

The constant-speed magnetization curve for a 25-kW, 250-V dc machine at a 

speed of 1200 r/min is shown in Fig. 7.27. This machine is separately 

excited and has an armature resistance of 0.14 Q. This machine is to be 

operated as a de generator while driven from a synchronous motor at constant 

speed. 

a. What is the rated armature current of this machine? 


b. With the generator speed held at 1200 r/min and if the armature current 1s 
limited to its rated value, calculate the maximum power output of the 


Generated emf, V 


0 05 10 15 20 2.5 
Field current, A 


Figure 7.27 1200 r/min 
magnetization curve for the dc 
generator of Problem 7.4. 
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generator and the corresponding armature voltage for constant field 
currents of (i) 1.0 A, (ii) 2.0 A and (iii) 2.5 A. 

c. Repeat part (b) if the speed of the synchronous generator is reduced to 
900 r/min. 


The de generator of Problem 7.4 is to be operated at a constant speed of 
1200 r/min into a load resistance of 2.5 Q. 


a. Using the “spline()” function of MATLAB and the points of the 
magnetization curve of Fig. 7.27 at 0, 0.5, 1.0, 1.5, 2.0, and 2.5 A, create 
a MATLAB plot of the magnetization curve of Fig. 7.27. 


b. Using the “spline()” function as in part (a), use MATLAB to plot (i) the 
terminal voltage and (ii) the power delivered to the load as the generator 
field current is varied from 0 to 2.5 A. 


The de machine of Problem 7.4 is to be operated as a motor supplied by a 
constant armature terminal voltage of 250 V. If saturation effects are ignored, 
the magnetization curve of Fig. 7.27 becomes a straight line with a constant 
slope of 150 volts per ampere of field current. For the purposes of this 
problem, you may assume that saturation effects can be neglected. 


a. Assuming that the field current is held constant at 1.67 A, plot the motor 
speed as a function of motor shaft power as the shaft power varies from 
0 to 25 kW. 


b. Now assuming that the field current can be adjusted in order to maintain 
the motor speed constant at 1200 r/min, plot the required field current as a 
function of motor shaft power as the shaft power varies from 0 to 25 kW. 


Repeat Problem 7.6 including the saturation effects represented by the 
saturation curve of Fig. 7.27. For part (a), set the field current equal to the 
value required to produce an open-circuit armature terminal voltage of 250 V 
at 1200 r/min. (Hint: This problem is most easily solved using MATLAB and 
its “splineQ)” function as in Problem 7.5.) 
A 15-kW, 250-V, 1150 r/min shunt generator is driven by a prime mover 
whose speed is 1195 r/min when the generator delivers no load. The speed 
falls to 1140 r/min when the generator delivers 15 kW and may be assumed 
to decrease in proportion to the generator output. The generator is to be 
changed into a short-shunt compound generator by equipping it with a series 
field winding which will cause its voltage to rise from 230 V at no load to 
250 V for a load of 61.5 A. It is estimated that the series field winding will 
have a resistance of 0.065 &2. The armature resistance (including brushes) is 
0.175 &. The shunt field winding has 500 turns per pole. 

To determine the necessary series-field turns, the machine is run as a 
separately-excited generator and the following load data are obtained: 


Armature terminal voltage = 254 V 
Armature current = 62.7 A 
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Field current = 1.95 A 
Speed = 1140 r/min 


The magnetization curve at 1195 r/min is as follows: 


EV 230 240 250 260 270 280 
I, A 1.05 1.13 1:25 1.44 1.65 1.91 
Determine 


a. the armature reaction in equivalent demagnetizing ampere-turns per pole 
for J, = 62.7 A and 


b. the necessary number of series-field turns per pole. 


(Hint: This problem can be solved either graphically or by use of the 

MATLAB “spline()” function to represent the magnetization curve.) 

When operated from a 230-V dc supply, a de series motor operates at 

975 r/min with a line current of 90 A. Its armature-circuit resistance is 0.11 Q 

and its series-field resistance is 0.08 &2. Due to saturation effects, the flux 

produced by an armature current of 30 A is 48 percent of that at an armature 

current of 90 A. Find the motor speed when the armature voltage is 230 V 

and the armature current is 30 A. 

Consider the long-shunt, 250-V, 100-kW dc machine of Example 7.3. 

Assuming the machine Is operated as a motor at a constant supply voltage of 

250-V with a constant shunt-field current of 5.0 A, use MATLAB to plot the 

motor speed as a function of load. Use the MATLAB “spline()” function to 

represent the magnetization curve of Fig. 7.14. Neglect armature-reaction 
effects. Include two plots, one for the case where the series-field ampere-turns 
add to those of the shunt field and the second for the case where the 
series-field ampere-turns oppose those of the shunt field. 

A 250-V dc shunt-wound motor is used as an adjustable-speed drive over the 

range from 0 to 2000 r/min. Speeds from 0 to 1200 r/min are obtained by 

adjusting the armature terminal voltage from 0 to 250 V with the field current 
kept constant. Speeds from 1200 r/min to 2000 r/min are obtained by 
decreasing the field current with the armature terminal voltage remaining at 

250 V. Over the entire speed range, the torque required by the load remains 

constant. 

a. Sketch the general form of the curve of armature current versus speed over 
the entire range. Ignore machine losses and armature-reaction effects. 

b. Suppose that, instead of operating with constant torque, the load torque at 
any given speed is adjusted to maintain the armature current at its rated 
value. Sketch the general form of the allowable torque as a function of 
speed assuming the motor is controlled as described above. 

Two adjustable-speed dc shunt motors have maximum speeds of 1800 r/min 

and minimum speeds of 500 r/min. Speed adjustment is obtained by 
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field-rheostat control. Motor A drives a load requiring constant power over 
the speed range; motor B drives one requiring constant torque. All losses and 
armature reaction may be neglected. 


a. Ifthe power outputs of the two motors are equal at 1800 r/min and the 
armature currents are each 125 A, what will the armature currents be at 
500 r/min? 


b. Ifthe power outputs of the two motors are equal at 500 r/min and the 
armature currents are each 125 A, what will the armature current be at 
1800 r/min? 

c. Answer parts (a) and (b) with speed adjustment by armature-voltage 
control with conditions otherwise the same. 


Consider a dc shunt motor connected to a constant-voltage source and driving 
a load requiring constant electromagnetic torque. Show that if E, > 0.5V; 
(the normal situation), increasing the resultant air-gap flux decreases the 
speed, whereas if E, < 0.5V; (as might be brought about by inserting a 
relatively high resistance in series with the armature), increasing the resultant 
air-gap flux increases the speed. 

A separately-excited dc motor is mechanically coupled to a three-phase, 
four-pole, 30-kVA, 460-V, cylindrical-pole synchronous generator. The dc 
motor is connected to a constant 230-V dc supply, and the ac generator is 
connected to a 460-V, fixed-voltage, fixed-frequency, three-phase supply. The 
synchronous reactance of the synchronous generator is 5.13 Q/phase. The 
armature resistance of the dc motor is 30 mA. The four-pole de machine is 
rated 30 kW at 230 V. All unspecified losses are to be neglected. 


a. Ifthe two machines act as a motor-generator set receiving power from the 
dc source and delivering power to the ac supply, what is the excitation 
voltage of the ac machine in volts per phase (line-to-neutral) when it 
delivers 30 kW at unity power factor? What is the internal voltage of the 
de motor? 


b. Leaving the field current of the ac machine at the value corresponding to 
the condition of part (a), what adjustment can be made to reduce the 
power transfer between the two machines to zero? Under this condition 
of zero power transfer, what is the armature current of the dc machine? 
What is the armature current of the ac machine? 


c. Leaving the field current of the ac machine as in parts (a) and (b), what 
adjustment can be made to cause the transfer of 30 kW from the ac 
source to the de source? Under these conditions what are the armature 
current and internal voltage of the dc machine? What will be the 
magnitude and phase of the current of the ac machine? 

A 150-kW, 600-V, 600 r/min de series-wound railway motor has a combined 

field and armature resistance (including brushes) of 0.125 Q. The full-load 

current at rated voltage and speed is 250 A. The magnetization curve at 

400 r/min is as follows: 
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Generated emf, V 375 400 425 450 475 
Series-field current, A 227 260 301 350 402 


Determine the internal starting torque when the starting current is limited 
to 460 A. Assume the armature reaction to be equivalent to a demagnetizing 
mmf which varies as the square of the current. (Hint: This problem can be 
solved either graphically or by use of the MATLAB “spline()” function to 
represent the magnetization curve.) 

A 25-kW, 230-V shunt motor has an armature resistance of 0.11 @ and a field 
resistance of 117 &. At no load and rated voltage, the speed is 2150 r/min 
and the armature current is 6.35 A. At full load and rated voltage, the armature 
current is 115 A and, because of armature reaction, the flux is 6 percent less 
than its no-load value. What is the full-load speed? 

A 91-cm axial-flow fan is to deliver air at 16.1 m*/sec against a static pressure 
of 120 Pa when rotating at a speed of 1165 r/min. The fan has the following 
speed-load characteristic 


Speed, r/min 700 800 900 1000 1100 1200 
Power, kW 3.6 49 6.5 8.4 10.8 13.9 


It is proposed to drive the fan by a 12.5 kW, 230-V, 46.9-A, four-pole dc 
shunt motor. The motor has an armature winding with two parallel paths and 
C, = 666 active conductors. The armature-circuit resistance is 0.215 Q. The 
armature flux per pole is ®g = 10-7 Wb and armature reaction effects can be 
neglected. No-load rotational losses (to be considered constant) are estimated 
to be 750 W. Determine the shaft power output and the operating speed of the 
motor when it is connected to the fan load and operated from a 230-V source. 
(Hint: This problem can be easily solved using MATLAB with the fan 
characteristic represented by the MATLAB “spline()” function.) 

A shunt motor operating from a 230-V line draws a full-load armature 
current of 46.5 A and runs at a speed of 1300 r/min at both no load and full 
load. The following data is available on this motor: 


Armature-circuit resistance (including brushes) = 0.17 Q 
Shunt-field turns per pole = 1500 turns 


The magnetization curve taken with the machine operating as a motor at no 
load and 1300 r/min is 


E,, V 180 200 220 240 250 
Tr, A 0.98 1.15 1.46 1.93 2.27 
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a. Determine the shunt-field current of this motor at no load and 1300 r/min 
when connected to a 230-V line. Assume negligible armature-circuit 
resistance and armature reaction at no load. 


b. Determine the effective armature reaction at full load in ampere-turns per 
pole. 


c. How many series-field turns should be added to make this machine into a 
long-shunt cumulatively compounded motor whose speed will be 
1210 r/min when the armature current is 46.5 A and the applied voltage is 
230 V? Assume that the series field has a resistance of 0.038 Q. 

d. Ifa series-field winding having 20 turns per pole and a resistance of 
0.038 Q is installed, determine the speed when the armature current is 
46.5 A and the applied voltage is 230 V. 

(Hint: This problem can be solved either graphically or by use of the 

MATLAB “splineQ” function to represent the magnetization curve.) 

A 7.5-kW, 230-V shunt motor has 2000 shunt-field turns per pole, an 

armature resistance (including brushes) of 0.21 Q, and a commutating-field 

resistance of 0.035 Q. The shunt-field resistance (exclusive of rheostat) is 

310 Q. When the motor is operated at no load with rated terminal voltage and 

varying shunt-field resistance, the following data are obtained: 


Speed, r/min 1110 1130 1160 1200 1240 
I, A 0.672 0.634 0.598 0.554 0.522 


The no-load armature current is negligible. When the motor is operating at 
full load and rated terminal voltage with a field current of 0.554 A, the 
armature current is 35.2 A and the speed is 1185 1/min. 

a. Calculate the full-load armature reaction in equivalent demagnetizating 
ampere-turns per pole. 

b. Calculate the full-load electromagnetic torque at this operating condition. 
What starting torque will the motor produce with maximum field current 
if the starting armature current is limited to 65 A? Assume that the 
armature reaction under these conditions is equal to 160 ampere-turns per 
pole. 

d. Design a series field winding to give a speed of 1050 r/min when the 
motor is loaded to an armature current of 35.2 A and when the shunt field 
current is adjusted to give a no-load speed of 1200 r/min. Assume the 
series field will have a resistance of 0.05 Q. 

(Hint: This problem can be solved either graphically or by use of the 

MATLAB “spline()” function to represent the magnetization curve.) 

When operated at rated voltage, a 230-V shunt motor runs at 1750 r/min at 

full load and at no load. The full-load armature current is 70.8 A. The shunt 

field winding has 2000 turns per pole. The resistance of the armature circuit 
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(including brushes and interpoles) is 0.15 8&2. The magnetization curve at 
1750 r/min is 


E,,V 200 210 220 230 240 250 
I, A 0.40 0.44 0.49 0.55 0.61 0.71 


a. Compute the demagnetizing effect of the armature reaction at full load. 

b. A long-shunt cumulative series field winding having four turns per pole 
and a resistance of 0.038 QQ is added to the machine. Compute the speed 
at full-load current and rated voltage. The shunt field current will remain 
equal to that of part (a). 

c. With the series-field winding of part (b) installed, compute the internal 
starting torque in N - m if the starting armature current is limited to 125 A. 
Assume that the corresponding demagnetizating effect of armature 
reaction 1s 230 ampere-turns per pole. 

(Hint: This problem can be solved either graphically or by use of the 

MATLAB “spline()” function to represent the magnetization curve.) 

A 230-V dc shunt motor has an armature-circuit resistance of 0.23 2. When 

operating from a 230-V supply and driving a constant-torque load, the motor 

is observed to be drawing an armature current of 60 A. An external resistance 
of 1.0 Q is now inserted in series with the armature while the shunt field 
current is unchanged. Neglecting the effects of rotational losses and armature 
reaction, calculate 


a. the resultant armature current and 
b. the fractional speed change of the motor. 


A common industrial application of de series motors is in crane and hoist 
drives. This problem relates to the computation of selected motor 
performance characterstics for such a drive. The specific motor concerned is 
a series-wound, 230-V, totally-enclosed motor having a 1/2-hour crane rating 
of 100 kW with a 75°C temperature rise. The performance characteristics 


Table 7.14. Motor characteristics for 


Problem 7.22. 
Line current Shaft torque Speed 
A N-m r/min 
100 217 940 
200 570 630 
300 1030 530 
400 1480 475 
500 1980 438 
600 2470 407 
700 3000 385 


800 3430 370 
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Figure 7.28 Series crane motor (Problem 7.22): (a) hoisting connection and 
(b) lowering connection. 
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of the motor alone at 230 V as found in the manufacturer’s catalog are listed 
in Table 7.1. The resistance of the armature (including brushes) plus 
commutating winding is 0.065 Q and that of the series field winding is 
0.027 &2. Armature reaction effects can be ignored. 

The motor is to be connected as in Fig. 7.28a for hoisting and Fig. 7.28b 
for lowering. The former connection consists simply of series-resistance 
control. The latter connection provides dynamic breaking with the field 
reconnected in shunt with the addition of an adjustable series resistance. 

You will use MATLAB to plot some sample speed-torque curves (speed 
as a function of torque) to determine the suitability of the motor and control 
for the specified application. Plot all of the curves on a single set of axes 
covering roughly the torque-magnitude range found in Table 7.1. Provide for 
both positive and negative values of speed, corresponding respectively to 
hoisting and lowering, as well as for both positive and negative values of 
torque, corresponding respectively to torque in the direction of raising the 
load and torque in the direction of lowering the load. 


a. For the hoisting connection, plot speed-torque curves for the control 
resistor R, set at 0, 0.3 and 0.6 Q. If any of these curves extend into the 
fourth quadrant within the range of torques covered, interpret physically 
what operation in that regime means. 


b. For the lowering connection, plot a speed-torque curve for R; = 0.3 Q 
and Rz = 0.3 Q. The most important portion of this curve is in the fourth 
quadrant, but if it extends into the third quadrant, that region should also 
be plotted and interpreted physically. 

c. In part (b), what is the lowering speed corresponding to a torque of 
1500 N - m? (Hint: This can be found easily using the MATLAB 
“spline()” function.) 

A 25-kW, 230-V shunt motor has an armature resistance of 0.064 Q and a 

field-circuit resistance of 95 Q. The motor delivers rated output power at 

rated voltage when its armature current is 122 A. When the motor is 
operating at rated voltage, the speed is observed to be 1150 r/min when the 

machine is loaded such that the armature current is 69.5 A. 
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a. Calculate the rated-load speed of this motor. 


In order to protect both the motor and the de supply under starting 
conditions, an external resistance will be connected in series with the 
armature winding (with the field winding remaining directly across the 230-V 
supply). The resistance will then be automatically adjusted in steps so that 
the armature current does not exceed 200 percent of rated current. The step 
size will be determined such that, until all the external resistance is switched 
out, the armature current will not be permitted to drop below rated value. In 
other words, the machine is to start with 200 percent of rated armature 
current and as soon as the current falls to rated value, sufficient series 
resistance is to be cut out to restore the current to 200 percent. This process 
will be repeated until all of the series resistance has been eliminated. 


b. Find the maximum value of the series resistance. 

c. How much resistance should be cut out at each step in the starting 
operation and at what speed should each step change occur? 

The manufacturer’s data sheet for a permanent-magnet dc motor indicates 

that it has a torque constant K, = 0.21 V/(rad/sec) and an armature resistance 

of 1.9 &. For a constant applied armature voltage of 85 V dc, calculate 

a. the no-load speed of the motor in r/min and 

b. its stall (Zero-speed) current and torque (in N- m). 

c. Plot the motor torque as a function of speed. 

Measurements on a small permanent-magnet dc motor indicate that it has an 

armature resistance of 4.6 . With an applied armature voltage of 5 V, the 

motor is observed to achieve a no-load speed of 11,210 r/min while drawing 

an armature current of 12.5 mA. 

a. Calculate the motor torque constant Km in V/(rad/sec). 

b. Calculate the no-load rotational losses in mW. 


Assume the motor to be operating from an applied armature voltage of 
5V. 


c. Find the stall current and torque of the motor. 


d. At what speeds will the motor achieve an output power of 1 W? Estimate 
the motor efficiency under these operating conditions. Assume that the 
rotational loss varies as the cube of the speed. 


Write a MATLAB script to calculate the parameters of a dc motor. The inputs 
will be the armature resistance and the no-load armature voltage, speed, and 
armature current. The output should be the no-load rotational loss and the 
torque constant Ky. 

The dc motor of Problem 7.25 will be used to drive a load which requires a 
power of 0.75 W at a speed of 8750 r/min. Calculate the armature voltage 
which must be applied to achieve this operating condition. 


CHAPTER 


Variable-Reluctance 
Machines and Stepping 
Motors 


ariable-reluctance machines’ (often abbreviated as VRMs) are perhaps the 

simplest of electrical machines. They consist of a stator with excitation wind- 

ings and a magnetic rotor with saliency. Rotor conductors are not required 
because torque is produced by the tendency of the rotor to align with the stator- 
produced flux wave in such a fashion as to maximize the stator flux linkages that 
result from a given applied stator current. Torque production in these machines can 
be evaluated by using the techniques of Chapter 3 and the fact that the stator winding 
inductances are functions of the angular position of the rotor. 

Although the concept of the VRM has been around for a long time, only in the 
past few decades have these machines begun to see widespread use in engineering 
applications. This is due in large part to the fact that although they are simple in 
construction, they are somewhat complicated to control. For example, the position of 
the rotor must be known in order to properly energize the phase windings to produce 
torque. It is the widespread availability and low cost of micro and power electronics 
that has made the VRM competitive with other motor technologies in a wide range 
of applications. 

By sequentially exciting the phases of a VRM, the rotor will rotate in a step- 
wise fashion, rotating through a specific angle per step. Stepper motors are designed 
to take advantage of this characteristic. Such motors often combine the use of a 
variable-reluctance geometry with permanent magnets to produce increased torque 
and precision position accuracy. 


! Variable-reluctance machines are often referred to as switched-reluctance machines (SRMs) to indicate 
the combination of a VRM and the switching inverter required to drive it. This term is popular in the 
technical literature. 
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8.1 BASICS OF VRM ANALYSIS 


Common variable-reluctance machines can be categorized into two types: singly- 
salient and doubly-salient. In both cases, their most noticeable features are that there 
are no windings or permanent magnets on their rotors and that their only source of 
exCitation consists of stator windings. This can be a significant feature because it 
means that all the resistive winding losses in the VRM occur on the stator. Because 
the stator can typically be cooled much more effectively and easily than the rotor, the 
result is often a smaller motor for a given rating and frame size. 

As is discussed in Chapter 3, to produce torque, VRMs must be designed such 
that the stator-winding inductances vary with the position of the rotor. Figure 8.la 
shows a cross-sectional view of a singly-salient VRM, which can be seen to consist of 
a nonsalient stator and a two-pole salient rotor, both constructed of high-permeability 
magnetic material. In the figure, a two-phase stator winding is shown although any 
number of phases are possible. 

Figure 8.2a shows the form of the variation of the stator inductances as a function 
of rotor angle 6,, for a singly-salient VRM of the form of Fig. 8.1a. Notice that the 
inductance of each stator phase winding varies with rotor position such that the induc- 
tance is maximum when the rotor axis is aligned with the magnetic axis of that phase 
and minimum when the two axes are perpendicular. The figure also shows that the 
mutual inductance between the phase windings is zero when the rotor is aligned with 
the magnetic axis of either phase but otherwise varies periodically with rotor position. 

Figure 8.1b shows the cross-sectional view of a two-phase doubly-salient VRM 
in which both the rotor and stator have salient poles. In this machine, the stator has 
four poles, each with a winding. However, the windings on opposite poles are of the 
same phase; they may be connected either in series or in parallel. Thus this machine 
is quite similar to that of Fig. 8.1a in that there is a two-phase stator winding and 
a two-pole salient rotor. Similarly, the phase inductance of this configuration varies 
from a maximum value when the rotor axis is aligned with the axis of that phase to a 
minimum when they are perpendicular. 

Unlike the singly-salient machine of Fig. 8.1a, under the assumption of negligible 
iron reluctance the mutual inductances between the phases of the doubly-salient VRM 
of Fig. 8.1b will be zero, with the exception ofa small, essentially-constant component 
associated with leakage flux. In addition, the saliency of the stator enhances the dif- 
ference between the maximum and minimum inductances, which in turn enhances the 
torque-producing characteristics of the doubly-salient machine. Figure 8.2b shows the 
form of the variation of the phase inductances for the doubly-salient VRM of Fig. 8.1b. 

The relationship between flux linkage and current for the singly-salient VRM is 


of the form 
| e a ele (8.1) 
A2 L12(6m) ~—-L£22(Om) | Lia 
Here L 1; (6m) and L22(6m) are the self-inductances of phases | and 2, respectively, 
and L12(@m) is the mutual inductances. Note that, by symmetry 


L22(6m) = L11 (8m — 90°) (8.2) 


8.1 Basics of VRM Analysis 


Magnetic axis 
of phase 2 
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of phase | 
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Figure 8.1 Basic two-phase VRMs: (a) singly-salient 
and (b) doubly-salient. 
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Figure 8.2 Plots of inductance versus 6, for (a) the singly-salient 
VRM of Fig. 8.1a and (b) the doubly-salient VRM of Fig. 8.1b. 


Note also that all of these inductances are periodic with a period of 180° because 
rotation of the rotor through 180° from any given angular position results in no 
change in the magnetic circuit of the machine. 

From Eq. 3.68 the electromagnetic torque of this system can be determined from 
the coenergy as 


OWyalits ia, Om) 


30, (8.3) 


Tinech = 


where the partial derivative is taken while holding currents i; and iz constant. Here, 
the coenergy can be found from Eq. 3.70, 


eel es oe Bl 
Waa = 5b 11 Omi + L12(8m)iii2 + 5 -22(Om)ig (8.4) 


Thus, combining Eqs. 8.3 and 8.4 gives the torque as 

1 ,dLi:(@m) . , , €Li2(8m) 1d L22(6m) 
; errand LL 2 

mech = 941g Hg 5g 
For the double-salient VRM of Fig. 8.1b, the mutual-inductance term dL 12(6m)/d0Om 
is zero and the torque expression of Eq. 8.5 simplifies to 

1 24h Gn) 1 2.dL2(Om) 
21 dOn 27 dOn 


(8.5) 


(8.6) 


Tech = 


8.1 Basics of VRM Analysis 


Substitution of Eq. 8.2 then gives 


1 .24L1;(6m) .24L11(6m — 90°) 


1 
= i 8.7 
21 dO, 2° dO, Gy) 


Tech = 


Equations 8.6 and 8.7 illustrate an important characteristic of VRMs in which 
mutual-inductance effects are negligible. In such machines the torque expression 
consists of a sum of terms, each of which is proportional to the square of an individual 
phase current. As a result, the torque depends only on the magnitude of the phase 
currents and not on their polarity. Thus the electronics which supply the phase currents 
to these machines can be unidirectional; i.e., bidirectional currents are not required. 

Since the phase currents are typically switched on and off by solid-state switches 
such as transistors or thyristors and since each switch need only handle currents in 
a single direction, this means that the motor drive requires only half the number 
of switches (as well as half the corresponding control electronics) that would be 
required in a corresponding bidirectional drive. The result is a drive system which is 
less complex and may be less expensive. Typical VRM motor drives are discussed in 
Section 11.4. 

The assumption of negligible mutual inductance is valid for the doubly-salient 
VRM of Fig. 8.1b both due to symmetry of the machine geometry and due to the 
assumption of negligible iron reluctance. In practice, even in situations where sym- 
metry might suggest that the mutual inductances are zero or can be ignored because 
they are independent of rotor position (e.g., the phases are coupled through leakage 
fluxes), significant nonlinear and mutual-inductance effects can arise due to saturation 
of the machine iron. In such cases, although the techniques of Chapter 3, and indeed 
torque expressions of the form of Eq. 8.3, remain valid, analytical expressions are 
often difficult to obtain (see Section 8.4). 

At the design and analysis stage, the winding flux-current relationships and the 
motor torque can be determined by using numerical-analysis packages which can 
account for the nonlinearity of the machine magnetic material. Once a machine has 
been constructed, measurements can be made, both to validate the various assumptions 
and approximations which were made as well as to obtain an accurate measure of 
actual machine performance. 

From this point on, we shall use the symbol p, to indicate the number of stator 
poles and p, to indicate the number of rotor poles, and the corresponding machine is 
called a p,/p, machine. Example 8.1 examines a 4/2 VRM. 
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EXAMPLE 8.1 


A 4/2 VRM is shown in Fig. 8.3. Its dimensions are 
R=3.8cm a=f = 60° = 7/3 rad 
g=2.54x10%cm D=13.0cm 


and the poles of each phase winding are connected in series such that there are a total of 
N = 100 turns (50 turns per pole) in each phase winding. Assume the rotor and stator to be of 
infinite magnetic permeability. 
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Figure 8.3 4/2 VRM for Example 8.1. 


a. Neglecting leakage and fringing fluxes, plot the phase-| inductance L(6,,) as a function 
of On. 

b. Plot the torque, assuming (i) i; = /, and iz = O and (ii) i, =O andi, = hy. 

c. Calculate the net torque (in N - m) acting on the rotor when both windings are excited such 
that 7, = i; = 5 A and at angles (Z) 6,, = 0°, (ii) 0» = 45°, (iii) Og = 75°. 


@ Solution 

a. Using the magnetic circuit techniques of Chapter 1, we see that the maximum inductance 
Lax for phase 1 occurs when the rotor axis is aligned with the phase-1 magnetic axis. 
From Eq. 1.31, we see that Linax 1S equal to 


N?poaRD 

2g 
where aR D is the cross-sectional area of the air gap and 2g is the total gap length in the 
magnetic circuit. For the values given, 


N? ua RD 

28 
_ (100)?(4x x 10°7)(7/3)(3.8 x 10-7)(0.13) 
- 2 x (2.54 x 10-4) 


Lax _ 


= 0.128H 


Neglecting fringing, the inductance L(6,,) will vary linearly with the air-gap 
cross-sectional area as shown in Fig. 8.4a. Note that this idealization predicts that the 
inductance is zero when there is no overlap when in fact there will be some small value 
of inductance, as shown in Fig. 8.2. 


8.1 Basics of VRM Analysis 
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Figure 8.4 (a) 1.1;(8m) versus Om, (6) dL11(8m)/d@m versus Om, and 
(c) torque versus On. 


b. From Eq. 8.7, the torque consists of two terms 


1, dLy(On) | 1,, dL11(@m — 90°) 
Troy = 51? USE 4-2 Soe 
a oh yp. Be dO, 


and dL, /d@_ can be seen to be the stepped waveform of Fig. 8.46 whose maximum 
values are given by +L max/o (with a expressed in radians!). Thus the torque is as shown 
in Fig. 8.4c. 
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c. The peak torque due to each of the windings is given by 


2) 


L 0.128 
jan ees Ge 5? = 1.53N- 
( 2a ) ta = 


From the plot in Fig. 8.4c, at 6,, = 0°, the torque contribution from phase 2 is clearly 
zero. Although the phase-1 contribution appears to be indeterminate, in an actual 
machine the torque change from Tinax, to —Tinex, at Om = 0° would have a finite slope 
and the torque would be zero at @ = 0°. Thus the net torque from phases 1 and 2 at 
this position is zero. 


Notice that the torque at 6,, = 0 is zero independent of the current levels in phases 1 


and 2. This is a problem with the 4/2 configuration of Fig. 8.3 since the rotor can get 
“stuck” at this position (as well as at 6,, = +90°, 180°), and there is no way that 
electrical torque can be produced to move it. 


(ii) 


(iii) 


At 6,, = 45° both phases are providing torque. That of phase 1 is negative while that 
of phase 2 is positive. Because the phase currents are equal, the torques are thus 
equal and opposite and the net torque is zero. However, unlike the case of 6,, = 0°, 
the torque at this point can be made either positive or negative simply by appropriate 
selection of the phase currents. 

At 6,, = 75° phase | produces no torque while phase 2 produces a positive torque of 
magnitude Tjn.x,. Thus the net torque at this position is positive and of magnitude 
1.53 N-m. Notice that there is no combination of phase currents that will produce a 
negative torque at this position since the phase-1 torque is always zero while that of 
phase 2 can be only positive (or zero). 


Repeat the calculation of Example 8.1, part (c), for the case in whicha = B = 70°. 


Solution 
Gi) T=ON-m 
(ii) T=ON-m 


(iii) T= 1.59N-m 


Example 8.1 illustrates a number of important considerations for the design of 
VRMs. Clearly these machines must be designed to avoid the occurrence of rotor 
positions for which none of the phases can produce torque. This is of concern in the 
design of 4/2 machines which will always have such positions if they are constructed 
with uniform, symmetric air gaps. 

It is also clear that to operate VRMs with specified torque characteristics, the 
phase currents must be applied in a fashion consistent with the rotor position. For 
example, positive torque production from each phase winding in Example 8.1 can 
be seen from Fig. 8.4c to occur only for specific values of 6m. Thus operation of 
VRMs must include some sort of rotor-position sensing as well as a controller which 


8.2 Practical VRM Configurations 


determines both the sequence and the waveform of the phase currents to achieve 
the desired operation. This is typically implemented by using electronic switching 
devices (transistors, thyristors, gate-turn-off devices, etc.) under the supervision of a 
microprocessor-based controller. 

Although a 4/2 VRM such as in Example 8.1 can be made to work, as a practical 
matter it is not particularly useful because of undesirable characteristics such as its 
zero-torque positions and the fact that there are angular locations at which it is not 
possible to achieve a positive torque. For example, because of these limitations, this 
machine cannot be made to generate a constant torque independent of rotor angle; cer- 
tainly no combination of phase currents can result in torque at the zero-torque positions 
or positive torque in the range of angular locations where only negative torque can be 
produced. As discussed in Section 8.2, these difficulties can be eliminated by 4/2 de- 
signs with asymmetric geometries, and so practical 4/2 machines can be constructed. 

As has been seen in this section, the analysis of VRMs is conceptually straightfor- 
ward. In the case of linear machine iron (no magnetic saturation), finding the torque 
is simply a matter of finding the stator-phase inductances (self and mutual) as a func- 
tion of rotor position, expressing the coenergy in terms of these inductances, and then 
calculating the derivative of the coenergy with respect to angular position (holding 
the phase currents constant when taking the derivative). Similarly, as discussed in 
Section 3.8, the electric terminal voltage for each of the phases can be found from the 
sum of the time derivative of the phase flux linkage and the iR drop across the phase 
resistance. 

In the case of nonlinear machine iron (where saturation effects are important) 
as is discussed in Section 8.4, the coenergy can be found by appropriate integration 
of the phase flux linkages, and the torque can again be found from the derivative 
of the coenergy with respect to the angular position of the rotor. In either case, 
there are no rotor windings and typically no other rotor currents in a well-designed 
variable-reluctance motor; hence, unlike other ac machine types (synchronous and 
induction), there are no electrical dynamics associated with the machine rotor. This 
greatly simplifies their analysis. 

Although VRMs are simple in concept and construction, their operation is some- 
what complicated and requires sophisticated control and motor-drive electronics to 
achieve useful operating characteristics. These issues and others are discussed in 
Sections 8.2 to 8.5. 


8.2 PRACTICAL VRM CONFIGURATIONS 


Practical VRM drive systems (the motor and its inverter) are designed to meet oper- 
ating criteria such as 


m Low cost. 

Constant torque independent of rotor angular position. 
A desired operating speed range. 

High efficiency. 


A large torque-to-mass ratio. 
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As in any engineering situation, the final design for a specific application will involve 
a compromise between the variety of options available to the designer. Because VRMs 
require some sort of electronics and control to operate, often the designer is concerned 
with optimizing a characteristic of the complete drive system, and this will impose 
additional constraints on the motor design. 

VRMs can be built in a wide variety of configurations. In Fig. 8.1, two forms of 
a 4/2 machine are shown: a singly-salient machine in Fig. 8.1a and a doubly-salient 
machine in Fig. 8.1b. Although both types of design can be made to work, a doubly- 
salient design is often the superior choice because it can generally produce a larger 
torque for a given frame size. 

This can be seen qualitatively (under the assumption of a high-permeability, 
nonsaturating magnetic structure) by reference to Eq. 8.7, which shows that the torque 
is a function of dL1;(9m)/dm, the derivative of the phase inductance with respect 
to angular position of the rotor. Clearly, all else being equal, the machine with the 
largest derivative will produce the largest torque. 

This derivative can be thought of as being determined by the ratio of the maximum 
to minimum phase inductances Limax/L min. In other words, we can write, 


dL 11(8m) mo Lmax a Limin 


dom Abn 
Lin x Limi 
awa i Eee (8.8) 
AGm Emax 


where AQ, is the angular displacement of the rotor between the positions of maximum 
and minimum phase inductance. From Eq. 8.8, we see that, for a given Lmax and A@n, 
the largest value of Linax/Lmin Will give the largest torque. Because of its geometry, 
a doubly-salient structure will typically have a lower minimum inductance and thus 
a larger value of Linax/Lmin; hence it will produce a larger torque for the same rotor 
structure. 

For this reason doubly-salient machines are the predominant type of VRM, and 
hence for the remainder of this chapter we consider only doubly-salient VRMs. In 
general, doubly-salient machines can be constructed with two or more poles on each 
of the stator and rotor. It should be pointed out that once the basic structure of a 
VRM is determined, Limax 1s fairly well determined by such quantities as the num- 
ber of turns, air-gap length, and basic pole dimensions. The challenge to the VRM 
designer is to achieve a small value of Lyin. This is a difficult task because Linin 1S 
dominated by leakage fluxes and other quantities which are difficult to calculate and 
analyze. 

As shown in Example 8.1, the geometry of a symmetric 4/2 VRM with a uniform 
air gap gives rise to rotor positions for which no torque can be developed for any 
combination of excitation of the phase windings. These torque zeros can be seen to 
occur at rotor positions where all the stator phases are simultaneously at a position of 
either maximum or minimum inductance. Since the torque depends on the derivative of 
inductance with respect to angular position, this simultaneous alignment of maximum 
and minimum inductance points necessarily results in zero net torque. 
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Figure 8.5 Cross-sectional view of a 6/4 three-phase VRM. 


Figure 8.5 shows a 6/4 VRM from which we see that a fundamental feature 
of the 6/4 machine is that no such simultaneous alignment of phase inductances is 
possible. As a result, this machine does not have any zero-torque positions. This is a 
significant point because it eliminates the possibility that the rotor might get stuck in 
one of these positions at standstill, requiring that it be mechanically moved to a new 
position before it can be started. In addition to the fact that there are not positions of 
simultaneous alignment for the 6/4 VRM, it can be seen that there also are no rotor 
positions at which only a torque of a single sign (either positive or negative) can be 
produced. Hence by proper control of the phase currents, it should be possible to 
achieve constant-torque, independent of rotor position. 

In the case of a symmetric VRM with p, stator poles and p, rotor poles, a 
simple test can be used to determine if zero-torque positions exist. If the ratio p,/p; 
(or alternatively p,/p, if p, is larger than pg) is an integer, there will be zero-torque 
positions. For example, for a 6/4 machine the ratio is 1.5, and there will be no zero- 
torque positions. However, the ratio is 2.0 for a 6/3 machine, and there will be zero- 
torque positions. 

In some instances, design constraints may dictate that a machine with an inte- 
gral pole ratio is desirable. In these cases, it is possible to eliminate the zero-torque 
positions by constructing a machine with an asymmetric rotor. For example, the ro- 
tor radius can be made to vary with angle as shown in grossly exaggerated fashion 
in Fig. 8.6a. This design, which also requires that the width of the rotor pole be 
wider than that of the stator, will not produce zero torque at positions of alignment 
because dL(6,)/d0, is not zero at these points, as can be seen with reference to 
Fig. 8.6b. 
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Figure 8.6 A 4/2 VRM with nonuniform air gap: (a) exaggerated 
schematic view and (b) plots of (6m) and GL(@n)/A@n versus On. 


An alternative procedure for constructing an integral-pole-ratio VRM without 
zero-torque positions is to construct a stack of two or more VRMs in series, aligned 
such that each of the VRMs is displaced in angle from the others and with all rotors 
sharing a common shaft. In this fashion, the zero-torque positions of the individual 
machines will not align, and thus the complete machine will not have any torque zeros. 
For example, a series stack of two two-phase, 4/2 VRMs such as that of Example 8.1 
(Fig. 8.3) with a 45° angular displacement between the individual VRMs will result 
in a four-phase VRM without zero-torque positions. 

Generally VRMs are wound witha single coil on each pole. Although it is possible 
to control each of these windings separately as individual phases, it is common practice 
to combine them into groups of poles which are excited simultaneously. For example, 
the 4/2 VRM of Fig. 8.3 is shown connected as a two-phase machine. As shown in 
Fig. 8.5, a 6/4 VRM is commonly connected as a three-phase machine with opposite 
poles connected to the same phase and in such a fashion that the windings drive flux 
in the same direction through the rotor. 


8.2 Practical VRM Configurations 


In some cases, VRMs are wound with a parallel set of windings on each phase. 
This configuration, known as a bifilar winding, in some cases can result in a simple 
inverter configuration and thus a simple, inexpensive motor drive. The use of a bifilar 
winding in VRM drives is discussed in Section 11.4. 

In general, when a given phase is excited, the torque is such that the rotor is 
pulled to the nearest position of maximum flux linkage. As excitation is removed 
from that phase and the next phase is excited, the rotor “follows” as it is then pulled 
to a new maximum flux-linkage position. Thus, the rotor speed is determined by the 
frequency of the phase currents. However, unlike the case of a synchronous machine, 
the relationship between the rotor speed and the frequency and sequence of the phase- 
winding excitation can be quite complex, depending on the number of rotor poles and 
the number of stator poles and phases. This is illustrated in Example 8.2. 


Consider a four-phase, 8/6 VRM. If the stator phases are excited sequentially, with a total time 
of Tp sec required to excite the four phases (i.e., each phase is excited for a time of Ty/4 sec), 
find the angular velocity of the stator flux wave and the corresponding angular velocity of the 
rotor. Neglect any system dynamics and assume that the rotor will instantaneously track the 
stator excitation. 


@ Solution 

Figure 8.7 shows in schematic form an 8/6 VRM. The details of the pole shapes are not of 
importance for this example and thus the rotor and stator poles are shown simply as arrows 
indicating their locations. The figure shows the rotor aligned with the stator phase-1 poles. 
This position corresponds to that which would occur if there were no load on the rotor and the 
stator phase-1 windings were excited, since it corresponds to a position of maximum phase-1 
flux linkage. 
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Figure 8.7 Schematic view of a 
four-phase 8/6 VRM. Pole locations 
are indicated by arrows. 
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Consider next that the excitation on phase 1 is removed and phase 2 is excited. At this 
point, the stator flux wave has rotated 45° in the clockwise direction. Similarly, as the excitation 
on phase 2 is removed and phase 3 is excited, the stator flux wave will move an additional 45° 
clockwise. Thus the angular velocity w, of the stator flux wave can be calculated quite simply 
as 1/4 rad (45°) divided by 7/4 sec, or @, = 1/ Tp rad/sec. 

Note, however, that this is not the angular velocity of the rotor itself. As the phase-1 
excitation is removed and phase 2 is excited, the rotor will move in such a fashion as to 
maximize the phase-2 flux linkages. In this case, Fig. 8.7 shows that the rotor will move 15° 
counterclockwise since the nearest rotor poles to phase 2 are actually 15° ahead of the phase-2 
poles. Thus the angular velocity of the rotor can be calculated as —7/12 rad (15°, with the minus 
sign indicating counterclockwise rotation) divided by 7/4 sec, or @, = —1/(37p) rad/sec. 

In this case, the rotor travels at one-third the angular velocity of the stator excitation and 
in the opposite direction! 


| Practice Problem 8.2 | Problem 8.2 


Repeat the calculation of Example 8.2 for the case of a four-phase, 8/10 VRM. 


Solution 


Wn = 1/(5Tp) rad/sec 


Example 8.2 illustrates the complex relationship that can exist between the exci- 
tation frequency of a VRM and the “synchronous” rotor frequency. This relationship 
is directly analogous to that between two mechanical gears for which the choice of 
different gear shapes and configurations gives rise to a wide range of speed ratios. It 
is difficult to derive a single rule which will describe this relationship for the immense 
variety of VRM configurations which can be envisioned. It is, however, a fairly simple 
matter to follow a procedure similar to that shown in Example 8.2 to investigate any 
particular configuration of interest. 

Further variations on VRM configurations are possible if the main stator and rotor 
poles are subdivided by the addition of individual teeth (which can be thought of as a 
set of small poles excited simultaneously by a single winding). The basic concept is 
illustrated in Fig. 8.8, which shows a schematic view of three poles of a three-phase 
VRM with a total of six main stator poles. Such a machine, with the stator and rotor 
poles subdivided into teeth, is known as a castleated VRM, the name resulting from 
the fact that the stator teeth appear much like the towers of a medieval castle. 

In Fig. 8.8 each stator pole has been divided into four subpoles by the addition 
of four teeth of width 63° (indicated by the angle £ in the figure), with a slot of the 
same width between each tooth. The same tooth/slot spacing is chosen for the rotor, 
resulting in a total of 28 teeth on the rotor. Notice that this number of rotor teeth and the 
corresponding value of 8 were chosen so that when the rotor teeth are aligned with 
those of the phase-1 stator pole, they are not aligned with those of phases 2 and 3. In this 
fashion, successive excitation of the stator phases will result in a rotation of the rotor. 

Castleation further complicates the relationship between the rotor speed and the 
frequency and sequence of the stator-winding excitation. For example, from Fig. 8.8 
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Figure 8.8 Schematic view of a three-phase castleated VRM with 
six stator poles and four teeth per pole and 28 rotor poles. 


it can be seen that for this configuration, when the excitation of phase 1 is removed 
and phase 2 is excited (corresponding to a rotation of the stator flux wave by 60° 
in the clockwise direction), the rotor will rotate by an angle of (28/3) = 42° in the 
counterclockwise direction. 

From the preceding analysis, we see that the technique of castleation can be 
used to create VRMs capable of operating at low speeds (and hence producing high 
torque for a given stator power input) and with very precise rotor position accuracy. 
For example, the machine of Fig. 8.8 can be rotated precisely by angular increments 
of (28/3). The use of more teeth can further increase the position resolution of 
these machines. Such machines can be found in applications where low speed, high 
torque, and precise angular resolution are required. This castleated configuration is 
one example of a class of VRMs commonly referred to as stepping motors because 
of their capability to produce small steps in angular resolution. 


8.3 CURRENT WAVEFORMS FOR 
TORQUE PRODUCTION 


As is seen in Section 8.1, the torque produced by a VRM in which saturation and 
mutual-inductance effects can be neglected is determined by the summation of terms 
consisting of the derivatives of the phase inductances with respect to the rotor angular 
position, each multiplied by the square of the corresponding phase current. For 
example, we see from Eqs. 8.6 and 8.7 that the torque of the two-phase, 4/2 VRM of 
Fig. 8.1b is given by 


+ _ 1 .4L11 Om) 1 2dL22(Om) 
mech 21 dOn, 92 dn 
1.,dL1;(0m) — 1,,dL11(Om — 90°) 
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Figure 8.9 |dealized inductance and dL/d@, curves for a three-phase 6/4 VRM with 
40° rotor and stator poles. 


For each phase of a VRM, the phase inductance is periodic in rotor angular 
position, and thus the area under the curve of dL /d6, calculated over a complete 
period of L(6,,) 1s zero, 1.e., 


21/ Pr 
i; EO) i= Gap) Oy S0 (8.10) 
0 dm 


where p, is the number of rotor poles. 

The average torque produced by a VRM can be found by integrating the torque 
equation (Eq. 8.9) over a complete period of rotation. Clearly, if the stator currents 
are held constant, Eq. 8.10 shows that the average torque will be zero. Thus, to 
produce a time-averaged torque, the stator currents must vary with rotor position. The 
desired average output torque fora VRM depends on the nature of the application. For 
example, motor operation requires a positive time-averaged shaft torque. Similarly, 
braking or generator action requires negative time-averaged torque. 

Positive torque is produced when a phase is excited at angular positions with 
positive dL /d9,, for that phase, and negative torque is produced by excitation at 
positions at which dL /d6, is negative. Consider a three-phase, 6/4 VRM (similar to 
that shown in Fig. 8.5) with 40° rotor and stator poles. The inductance versus rotor 
position for this machine will be similar to the idealized representation shown in 
Fig. 8.9. 

Operation of this machine as a motor requires a net positive torque. Alternatively, 
it can be operated as a generator under conditions of net negative torque. Noting that 
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Figure 8.10 Individual phase torques and total torque for the motor of Fig. 8.9. Each 
phase is excited with a constant current /p only at positions where dL /d6n > 0. 


positive torque is generated when excitation is applied at rotor positions at which 
dL/d®p is positive, we see that a control system is required that determines rotor 
position and applies the phase-winding excitations at the appropriate time. It is, in 
fact, the need for this sort of control that makes VRM drive systems more complex 
than might perhaps be thought, considering only the simplicity of the VRM itself. 

One of the reasons that VRMs have found application in a wide variety of sit- 
uations is because the widespread availability and low cost of microprocessors and 
power electronics have brought the cost of the sensing and control required to suc- 
cessfully operate VRM drive systems down to a level where these systems can be 
competitive with competing technologies. Although the control of VRM drives is 
more complex than that required for dc, induction, and permanent-magnet ac motor 
systems, in many applications the overall VRM drive system turns out to be less 
expensive and more flexible than the competition. 

Assuming that the appropriate rotor-position sensor and control system is avail- 
able, the question still remains as to how to excite the armature phases. From Fig. 8.9, 
one possible excitation scheme would be to apply a constant current to each phase at 
those angular positions at which dL /d@,, is positive and zero current otherwise. 

If this is done, the resultant torque waveform will be that of Fig. 8.10. Note that 
because the torque waveforms of the individual phases overlap, the resultant torque 
will not be constant but rather will have a pulsating component on top of its average 
value. In general, such pulsating torques are to be avoided both because they may 
produce damaging stresses in the VRM and because they may result in the generation 
of excessive vibration and noise. 

Consideration of Fig. 8.9 shows that there are alternative excitation strategies 
which can reduce the torque pulsations of Fig. 8.10. Perhaps the simplest strategy is 
to excite each phase for only 30° of angular position instead of the 40° which resulted 
in Fig. 8.9. Thus, each phase would simply be turned off as the next phase is turned 
on, and there would be no torque overlap between phases. 

Although this strategy would be an ideal solution to the problem, as a practical 
matter it is not possible to implement. The problem is that because each phase winding 
has a self-inductance, it is not possible to instantaneously switch on or off the phase 


424 


EXAMPLE 8.3 


CHAPTER 8 Variable-Reluctance Machines and Stepping Motors 


currents. Specifically, for a VRM with independent (uncoupled) phases,” the voltage- 
current relationship of the jth phase is given by 


dh; 
vj = Rij + > (8.11) 
where 
dj = LjjOm)i; (8.12) 
Thus, 
hat 
vj = Rjij + FUL jiOmij] (8.13) 
Equation 8.13 can be rewritten as 
d di; 
v= {Ri + FL (6n)1} i; + L jn) > (8.14) 
or 
7 = |Ry to * 5 4 Li (Om) 8.15 
Yi Ri (Om) Bat iGo) Fy eh) 


Although Egs. 8.13 through 8.15 are mathematically complex and often require 
numerical solution, they clearly indicate that some time is required to build up cur- 
rents in the phase windings following application of voltage to that phase. A similar 
analysis can be done for conditions associated with removal of the phase currents. The 
delay time associated with current build up can limit the maximum achievable torque 
while the current decay time can result in negative torque if current is still flowing 
when dL (0m) /dm reverses sign. These effects are illustrated in Example 8.3 which 
also shows that in cases where winding resistance can be neglected, an approximate 
solution to these equations can be found. 


Consider the idealized 4/2 VRM of Example 8.1. Assume that it has a winding resistance of 
R = 1.5 Q/phase and a leakage inductance L; = 5 mH in each phase. For a constant rotor 
speed of 4000 r/min, calculate (a) the phase-1 current as a function of time during the interval 
—60° < 6, < 0°, assuming that a constant voltage of Vj = 100 V is applied to phase 1 just as 
dL, (0m) /dO_ becomes positive (i.e., at O, = —60° = —2/3 rad), and (b) the decay of phase-1 
current if a negative voltage of —200 V is applied at 6,, = 0° and maintained until the current 
reaches zero. (c) Using MATLAB", plot these currents as well as the corresponding torque. 
Also calculate the integral under the torque-versus-time plot and compare it to the integral 
under the torque-versus-time curve for the time period during which the torque is positive. 


2 The reader is reminded that in some cases the assumption of independent phases is not justified, and then 
a more complex analysis of the VRM is required (see the discussion following the derivation of Eq. 8.5). 


t MATLAB is a registered trademark of The MathWorks, Inc. 
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# Solution 


a. 


From Eq. 8.15, the differential equation governing the current buildup in phase 1 is given 
by 


dL) (On) dm | di 
y= les Go oe) i) + Li On) 


At 4000 r/min, 


8 


he 
Om = ae = 4000 r/min x — rad/sec 


30 3 


rad/sec _ 4007 
r/min | _ 


From Fig. 8.4 (for —60° < 0, < 0°) 
L ca 
Li (8m) = Ly + —— (Om =) 
11 (9m) er x3 ( + 3 
= 0.005 + 0.122(6,, + 2/3) 


Thus 


race 
a — 0,122 H/rad 


and 


AL 11 (9m) Om 
—— — =51.12 
d0, dt 


which is much greater than the resistance R = 1.5 Q 
This will enable us to obtain an approximate solution for the current by neglecting 
the Ri term in Eq. 8.13. We must then solve 


d(Lyii) _ : 
a 
for which the solution is 
“yidt Vot 
iy = Het _ 
Ly (t) Liu) 
Substituting 
On = -% + Wmt 
into the expression for L,;(6,) then gives 
. 100 
SS 
1 = 0 0054.51.11 


which is valid until 6, = 0° at t = 2.5 msec, at which point i, (rf) = 1.88 A. 


. During the period of current decay the solution proceeds as in part (a). From Fig. 8.4, 


for 0° < On < 60°, dL1,(On)/dt = —51.1Q and the Ri term can again be ignored in 
Eq. 8.13. 

Thus, since the applied voltage is —200 V for this time period (¢ > 2.5 msec until 
i,(t) = 0) in an effort to bring the current rapidly to zero, since the current must be 
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continuous at time fg = 2.5 msec, and since, from Fig. 8.4 (for 0° < 6,, < 60°) 


L S14 
iO) 2 = ( @n) 
1 (On) oe a 3 


= 0.005 + 0.122(7/3 — 0,) 
we see that the solution becomes 
Lis (to)in(to) + ff vi dt 
Li(t) 


0.25 — 200(¢ — 2.5 x 107%) 
~ 0.005 + 51.1(5 x 10-3 — t) 


i) = 


From this equation, we see that the current reaches zero at t = 3.75 msec. 
c. The torque can be found from Eq. 8.9 by setting i; = 0. Thus 


Using MATLAB and the results of parts (a) and (b), the current waveform is plotted 
in Fig. 8.11a and the torque in Fig. 8.11b. The integral under the torque curve is 3.35 x 
10-* N-m-sec while that under the positive portion of the torque curve corresponding to 
positive torque is 4.56 x 10-* N-m-sec. Thus we see that the negative torque produces a 27 
percent reduction in average torque from that which would otherwise be available if the current 
could be reduced instantaneously to zero. 

Notice first from the results of part (b) and from Fig. 8.1 1a that, in spite of applying a 
negative voltage of twice the magnitude of the voltage used to build up the current, current con- 
tinues to flow in the winding for 1.25 ms after reversal of the applied voltage. From Fig. 8.11b, 
we see that the result is a significant period of negative torque production. In practice, this may, 
for example, dictate a control scheme which reverses the phase current in advance of the time 
that the sign of dL(6,,)/d@,, reverses, achieving a larger average torque by trading off some 
reduction in average positive torque against a larger decrease in average negative torque. 

This example also illustrates another important aspect of VRM operation. For a system 
of resistance of 1.5 Q and constant inductance, one would expect a steady-state current of 
100/1.5 = 66.7 A. Yet in this system the steady-state current is less than 2 A. The reason for 
this is evident from Eqs. 8.14 and 8.15 where we see that dL, (0,,)/dt = 51.1 Q appears as an 
apparent resistance in series with the winding resistance which is much larger than the winding 
resistance itself. The corresponding voltage drop (the speed voltage) is of sufficient magnitude 
to limit the steady-state current to a value of 100/51.1 = 1.96 A. 

Here is the MATLAB script: 


cle 
clear 


% Here are the inductances 
Lmax = 0.128; 
Lieak = 0.005; 


Posintegral = 0; 
integral = 0; 
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Figure 8.11 Example 8.3: (a) phase-1 current and (b) torque 
profile. 


N = 500; 
tmax = 3.75e-3; 
deltat = tmax/N; 


% Now do the calculations 
for n = 1: (N+1) 
t(n) = tmax*(n-1)/N; 
thetam(n) = -(pi/3) + (400*pi/3) * t(n); 
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if (thetam(n) «<= 0) 
i(n) = 100*t(n)/(0.005 + 51.1 *t(n)); 
dlidlidtheta = 0.122; 
Torque(n) = 0.5*i(n)*2*dldlldtheta; 
Posintegral = Posintegral + Torque(n)*deltat; 
integral = Posintegral; 
else 
i(n) = (0.25 - 200* (t(n) - 2.5e-3))/(0.005+51.1* (5e-3 -t(n))); 
dldildtheta = -0.122; 
Torque(n) = 0.5*i(n)*2*dldlldtheta; 
integral = integral + Torque(n)*deltat; 
end 
end 
fprintf(’\nPositive torque integral =%g [N-m-sec]’, Posintegral) 


fprintf(’\nTorque integral = %g [N-m-sec]}\n’,integral) 


plot (t*1000,i) 
xlabel(’time [msec] ’) 
ylabel(’Phase current [A]’) 


label (’time [msec] ’) 
label (’Torque [N-m]’) 


Pp 
plot (t*1000, Torque) 
x 
Y 


Practice Problem 8.3 


Reconsider Example 8.3 under the condition that a voltage of —250 V is applied to turn off the 
phase current. Use MATLAB to calculate the integral under the torque-versus-time plot and 
compare it to the integral under the torque-versus-time curve for the time period during which 
the torque is positive. 


Solution 


The current returns to zero at t = 3.5 msec. The integral under the torque curve is 3.67 x 
10-* N-m-s while that under the positive portion of the torque curve corresponding to positive 
torque remains equal to 4.56 x 10-* N-m-s. In this case, the negative torque produces a 
20 percent reduction in torque from that which would otherwise be available if the current 
could be reduced instantaneously to zero. 


Example 8.3 illustrates important aspects of VRM performance which do not 
appear in an idealized analysis such as that of Example 8.1 but which play an extremely 
important role in practical applications. It is clear that it is not possible to readily 
apply phase currents of arbitrary waveshapes. Winding inductances (and their time 


8.3 Current Waveforms for Torque Production 


derivatives) significantly affect the current waveforms that can be achieved for a given 
applied voltage. 

In general, the problem becomes more severe as the rotor speed is increased. 
Consideration of Example 8.3 shows, for a given applied voltage, (1) that as the 
speed is increased, the current will take a larger fraction of the available time during 
which dL (6m)/d@m is positive to achieve a given level and (2) that the steady-state 
current which can be achieved is progressively lowered. One common method for 
maximizing the available torque is to apply the phase voltage somewhat in advance 
of the time when dL (6) /d6,, begins to increase. This gives the current time to build 
up to a significant level before torque production begins. 

Yet a more significant difficulty (also illustrated in Example 8.3) is that just as the 
currents require a significant amount of time to increase at the beginning of a turn-on 
cycle, they also require time to decrease at the end. As a result, if the phase excitation 
is removed at or near the end of the positive d L (6m) /dOm period, it is highly likely that 
there will be phase current remaining as dL (6,)/d0, becomes negative, so there will 
be a period of negative torque production, reducing the effective torque-producing 
capability of the VRM. 

One way to avoid such negative torque production would be to turn off the phase 
excitation sufficiently early in the cycle that the current will have decayed essentially 
to zero by the time that dL (6,,)/d0,, becomes negative. However, there is clearly a 
point of diminishing returns, because turning off the phase current while dL (6m) /d0m 
is positive also reduces positive torque production. As a result, it is often necessary 
to accept a certain amount of negative torque (to get the required positive torque) 
and to compensate for it by the production of additional positive torque from another 
phase. 

Another possibility is illustrated in Fig. 8.12. Figure 8.12a shows the cross- 
sectional view of a 4/2 VRM similar to that of Fig. 8.3 with the exception that the 
rotor pole angle has been increased from 60° to 75°, with the result that the rotor 
pole overhangs that of the stator by 15°. As can be seen from Fig. 8.12b, this results 
in a region of constant inductance separating the positive and negative dL (6n)/d0m 
regions, which in turn provides additional time for the phase current to be turned off 
before the region of negative torque production is reached. 

Although Fig. 8.12 shows an example with 15° of rotor overhang, in any particular 
design the amount of overhang would be determined as part of the overall design 
process and would depend on such issues as the amount of time required for the 
phase current to decay and the operating speed of the VRM. Also included in this 
design process must be recognition that the use of wider rotor poles will result in a 
larger value of Lin, which itself tends to reduce torque production (see the discussion 
of Eq. 8.8) and to increase the time for current buildup. 

Under conditions of constant-speed operation, it is often desirable to achieve 
constant torque independent of rotor position. Such operation will minimize pulsating 
torques which may cause excessive noise and vibration and perhaps ultimately lead to 
component failure due to material fatigue. This means that as the torque production of 
one phase begins to decrease, that of another phase must increase to compensate. As 
can be seen from torque waveforms such as those found in Fig. 8.11, this represents a 
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Figure 8.12 A 4/2 VRM with 15° rotor overhang: (a) cross-sectional view and (b) plots of 
L11(Om) and GL41(6m)/ Am versus Om. 


complex control problem for the phase excitation, and totally ripple-free torque will 
be difficult to achieve in many cases. 


8.4 NONLINEAR ANALYSIS 


Like most electric machines, VRMs employ magnetic materials both to direct and 
shape the magnetic fields in the machine and to increase the magnetic flux density 
that can be achieved from a given amplitude of current. To obtain the maximum 
benefit from the magnetic material, practical VRMs are operated with the magnetic 
flux density high enough so that the magnetic material is in saturation under normal 
operating conditions. 

As with the synchronous, induction, and dc machines discussed in Chapters 5-7, 
the actual operating flux density is determined by trading off such quantities as cost, 
efficiency, and torque-to-mass ratio. However, because the VRM and its drive electron- 
ics are quite closely interrelated, VRMs design typically involves additional trade-offs 
that in turn affect the choice of operating flux density. 
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Figure 8.13 Plots of 4 versus / for a VRM with (a) linear and (b) nonlinear magnetics. 


Figure 8.2 shows typical inductance-versus-angle curves for the VRMs of Fig. 8.1. 
Such curves are characteristic of all VRMs. It must be recognized that the use of the 
concept of inductance is strictly valid only under the condition that the magnetic 
circuit in the machine is linear so that the flux density (and hence the winding flux 
linkage) is proportional to the winding current. This linear analysis is based on the as- 
sumption that the magnetic material in the motor has constant magnetic permeability. 
This assumption was used for all the analyses earlier in this chapter. 

An alternate representation of the flux-linkage versus current characteristic of a 
VRM is shown in Fig. 8.13. This representation consists of a series of plots of the flux 
linkage versus current at various rotor angles. In this figure, the curves correspond to 
a machine with a two-pole rotor such as in Fig. 8.1, and hence a plot of curves from 
0° to 90° is sufficient to completely characterize the machine. 

Figure 8.13a shows the set of -i characteristics which would be measured in a 
machine with linear magnetics, i.e., constant magnetic permeability and no magnetic 
saturation. For each rotor angle, the curve is a straight line whose slope corresponds 
to the inductance L(@,,) at that angular position. In fact, a plot of L(@q) versus 6m 
such as in Fig. 8.2 is an equivalent representation to that of Fig. 8.13a. 

In practice, VRMs do operate with their magnetic material in saturation and their 
-i characteristics take on the form of Fig. 8.13b. Notice that for low current levels, the 
curves are linear, corresponding to the assumption of linear magnetics of Fig. 8.13a. 
However, for higher current levels, saturation begins to occur and the curves bend 
over steeply, with the result that there is significantly less flux linkage for a given 
current level. Finally, note that saturation effects are maximum at 6, = 0° (for which 
the rotor and stator poles are aligned) and minimal for higher angles as the rotor 
approaches the nonaligned position. 

Saturation has two important, somewhat contradictory effects on VRM perfor- 
mance. On the one hand, saturation limits flux densities for a given current level and 
thus tends to limit the amount of torque available from the VRM. On the other hand, 
it can be shown that saturation tends to lower the required inverter volt-ampere rating 
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Figure 8.14 (a) Flux-linkage-current trajectory for the (a) linear and (b) nonlinear 
machines of Fig. 8.13. 


for a given VRM output power and thus tends to make the inverter smaller and less 
costly. A well-designed VRM system will be based on a trade-off between the two 
effects.? 

These effects of saturation can be investigated by considering the two machines of 
Figs. 8.13a and b operating at the same rotational speed and under the same operating 
condition. For the sake of simplicity, we assume a somewhat idealized condition in 
which the phase-1 current is instantaneously switched on to a value Jp at Qq = —90° 
(the unaligned position for phase 1) and is instantaneously switched off at 6, = 0° 
(the aligned position). This operation is similar to that discussed in Example 8.1 in that 
we will neglect the complicating effects of the current buildup and decay transients 
which are illustrated in Example 8.3. 

Because of rotor symmetry, the flux linkages for negative rotor angles are identical 
to those for positive angles. Thus, the flux linkage-current trajectories for one current 
cycle can be determined from Figs. 8.13a and b and are shown for the two machines 
in Figs. 8.14a and b. 

As each trajectory is traversed, the power input to the winding is given by its 
volt-ampere product 


Pin = tv = i — (8.16) 


The net electric energy input to the machine (the energy that is converted to 
mechanical work) in a cycle can be determined by integrating Eq. 8.16 around the 


3 For a discussion of saturation effects in WRM drive systems, see T. J. E. Miller, “Converter Volt-Ampere 
Requirements of the Switched Reluctance Motor,” JEEE Trans. Ind. Appl., YA-21:1136-1144 (1985). 
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trajectory 
Net work = | ps dt = fi dir (8.17) 


This can be seen graphically as the area enclosed by the trajectory, labeled Whe, in 
Figs. 8.14a and b. Note that the saturated machine converts less useful work per cycle 
than the unsaturated machine. As a result, to get a machine of the same power output, 
the saturated machine will have to be larger than a corresponding (hypothetical) 
unsaturated machine. This analysis demonstrates the effects of saturation in lowering 
torque and power output. 

The peak energy input to the winding from the inverter can also be calculated. It 
is equal to the integral of the input power from the start of the trajectory to the point 
Cf 0> Amax): 


Amax 
Peak energy = | idx (8.18) 
0 


This is the total area under the A-i curve, shown in Fig. 8.14a and b as the sum of the 
areas labeled W,.. and Wet. 

Since we have seen that the energy represented by the area Wne: corresponds to 
useful output energy, it is clear that the energy represented by the area W,., corresponds 
to energy input that is required to make the VRM operate (i.e., it goes into creating 
the magnetic fields in the VRM). This energy produced no useful work; rather it must 
be recycled back into the inverter at the end of the trajectory. 

The inverter volt-ampere rating is determined by the average power per phase 
processed by the inverter as the motor operates, equal to the peak energy input to the 
VRM divided by the time T between cycles. Similarly, the average output power per 
phase of the VRM is given by the net energy input per cycle divided by T. Thus the 
ratio of the inverter volt-ampere rating to power output is 

Inverter volt-ampere rating area(Wrec + Wher) 


= 8.19 
Net output area area(Wret) ive 


In general, the inverter volt-ampere rating determines its cost and size. Thus, for 
a given power output from a VRM, a smaller ratio of inverter volt-ampere rating to 
output power means that the inverter will be both smaller and cheaper. Comparison 
of Figs. 8.14a and b shows that this ratio is smaller in the machine which saturates; 
the effect of saturation is to lower the amount of energy which must be recycled each 
cycle and hence the volt-ampere rating of the inverter required to supply the VRM. 


| EXAMPLE 8.4 | 8.4 


Consider a symmetrical two-phase 4/2 VRM whose A-i characteristic can be represented by 
the following A-i expression (for phase 1) as a function of 6, over the range 0 < 6, < 90° 


90°, \ (8.0 
a, = ( 0.005 +0.0 j 
(0.0 bs o( 90° ) Gate) 
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Phase 2 of this motor is identical to that of phase 1, and there is no significant mutual inductance 
between the phases. Assume that the winding resistance is negligible. 


a. Using MATLAB, plot a family of 4,-i, curves for this motor as 6,, varies from 0 to 90° in 
10° increments and as i, is varied from 0 to 30 A. 

b. Again using MATLAB, use Eq. 8.19 and Fig. 8.14 to calculate the ratio of the inverter 
volt-ampere rating to the VRM net power output for the following idealized 
operating cycle: 


(i) The current is instantaneously raised to 25 A when 6,, = —90°. 
(ii) The current is then held constant as the rotor rotates to 6, = 0°. 
(iii) At 6, = 0°, the current is reduced to zero. 


c. Assuming the VRM to be operating as a motor using the cycle described in part (b) and 
rotating at a constant speed of 2500 r/min, calculate the net electromechanical power 
supplied to the rotor. 


# Solution 

a. The A,-i; curves are shown in Fig. 8.15a. 

b. Figure 8.15b shows the areas W,., and W,,.. Note that, as pointed out in the text, the 
A-i curves are symmetrical around 6,, = 0° and thus the curves for negative values of 0, 
are identical to those for the corresponding positive values. The area Wye, is bounded by 
the 4,-i, curves corresponding to 6,, = 0° and 6,, = 90° and the line i; = 25 A. The 
area W,,. is bounded by the line A; = Ain, and the 4,-i; curve corresponding to 6,, = 0°, 
where Amax = 4;(25 A, 0°). 

Using MATLAB to integrate the areas, the desired ratio can be calculated from 

Eq. 8.19 as 


Inverter volt-ampere rating __ area(Wree + Whe) 


= = 1.55 
Net output power area( Wher) 


c. Energy equal to area(W,,;,) is supplied by each phase to the rotor twice during each 
revolution of the rotor. If area(W,.,) is measured in joules, the power in watts supplied 
per phase is thus equal to 


Pyhase =2 (Sa) W 


where 7 is the time for one revolution (in seconds). 
From MATLAB, area(W,,,) = 9.91 joules and for 2500 r/min, T = 60/2500 = 
0.024 sec, 


9.9] 
Py. =2) —-—— = 825 W 
ae (ima | 


and thus 


Prrech = 2 Prince = 1650 W 
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Figure 8.15 (a) A1-/; curves for Example 8.4. (b) Areas used in the 
calculation of part (b). 
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Here is the MATLAB script: 


cle 


clear 


(a) First plot the lambda i characteristics 


for m - 1:10 
theta(m) = 10* (m-1); 


for n=1:101 

i(m) = 30*(n-1)/200; 

Lambda(n) = i(n)*(0.00b6 + O.09* ((90-theta (in) ) /90)*(8/ (1 (m)48)))3 
end 


plot (i,Lambda) 
if m=-1 

hold 
end 

end 


hold 

xlabel('Current [A]') 

ylabel(’Lambda [Wb] ') 

title(’ Family of lambda-i curves as theta_m varies from 0 to 90 degrees’) 
Lext(17,.7,’thetam = 0 degrees’) 

text (20, .06,‘theta_m = 90 deqrees’) 

%(b) Now integrate to find the areas. 


%Peak lambda at 0 degrees, 25 Amps 
lambdamax = 25*(01.00540.09*(8/(2548))); 


Areawnet O; 


AreaWrec 


, 


I 


%® 1090 inlegralion szep 
deli = 25/100; 


for Nals-1GL 
i(n) = 25*(n-1)/100; 
AreawWnet = AreaWnet | deli*i(m)*(0.09)*(8/(i(m)4+8)); 
AreaWrec - AreaWrec + deli* (lambdamax - i(n}*(0.0054+0.09*(8/(i(n)+8)})); 
end 
Ratio - (Areawrec + AreaWnet) /Areawnet; 
fprintf(’\nPart(b) Ratio = %g',Ratio) 


$(c) Calculate the power 


rpm - 2500; 
rps = 2500/60; 
T = l/rps; 


Pphaseé = 2*AreaWnet/T; 
Ptot = 2*Pphase; 
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fprintf(’\n\nPart(c) AreaWnet = %g [Joules]’,AreaWnet) 
fprintf(’\n Pphase = %g (W}] and Ptot = %g [W]\n’,Pphase, Ptot) 


| Practice Problem 8.4 | Problem 8.4 


Consider a two-phase VRM which is identical to that of Example 8.4 with the exception of 
an additional 5 mH of leakage inductance in each phase. (a) Calculate the ratio of the inverter 
volt-ampere rating to the VRM net power output for the following idealized operating cycle: 


(i) The current is instantaneously raised to 25 A when 0,, = —90°. 
(ii) The current is then held constant as the rotor rotates to 0,, = 10°. 
(iii) At @,, = 10°, the current is reduced to zero. 


(b) Assuming the VRM to be operating as a motor using the cycle described in part (a) and 
rotating at a constant speed of 2500 r/min, calculate the net electromechanical power supplied 
to the rotor. 


Solution 


a. 
Inverter volt-ampere rating 


= 1.75 
Net output power 


b. Pinech = 1467 W 


Saturation effects clearly play a significant role in the performance of most VRMs 
and must be taken into account. In addition, the idealized operating cycle illustrated 
in Example 8.4 cannot, of course, be achieved in practice since some rotor motion is 
likely to take place over the time scale over which current changes occur. As a result, 
it is often necessary to resort to numerical-analysis packages such as finite-element 
programs as part of the design process for practical VRM systems. Many of these 
programs incorporate the ability to model the nonlinear effects of magnetic saturation 
as wellas mechanical (e.g., rotor motion) and electrical (e.g., current buildup) dynamic 
effects. 

As we have seen, the design of a VRM drive system typically requires that a 
trade-off be made. On the one hand, saturation tends to increase the size of the VRM 
for a given power output. On the other hand, on comparing two VRM systems with 
the same power output, the system with the higher level of saturation will typically 
require an inverter with a lower volt-ampere rating. Thus the ultimate design will be 
determined by a trade-off between the size, cost, and efficiency of the VRM and of 
the inverter. 


8.5 STEPPING MOTORS 


As we have seen, when the phases of a VRM are energized sequentially in an appro- 
priate step-wise fashion, the VRM will rotate a specific angle for each step. Motors 
designed specifically to take advantage of this characteristic are referred to as stepping 
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motors or stepper motors. Frequently stepping motors are designed to produce a large 
number of steps per revolution, for example 50, 100, or 200 steps per revolution 
(corresponding to a rotation of 7.2°, 3.6° and 1.8° per step). 

An important characteristic of the stepping motor is its compatibility with digital- 
electronic systems. These systems are common in a wide variety of applications and 
continue to become more powerful and less expensive. For example, the stepping 
motor is often used in digital control systems where the motor receives open-loop 
commands in the form of a train of pulses to turn a shaft or move an object a specific 
distance. Typical applications include paper-feed and print-head-positioning motors in 
printers and plotters, drive and head-positioning motors in disk drives and CD players, 
and worktable and tool positioning in numerically controlled machining equipment. 
In many applications, position information can be obtained simply by keeping count 
of the pulses sent to the motor, in which case position sensors and feedback control 
are not required. 

The angular resolution of a VRM is determined by the number of rotor and stator 
teeth and can be greatly enhanced by techniques such as castleation, as is discussed in 
Section 8.2. Stepping motors come in a wide variety of designs and configurations. In 
addition to variable-reluctance configurations, these include permanent-magnet and 
hybrid configurations. The use of permanent magnets in combination with a variable- 
reluctance geometry can significantly enhance the torque and positional accuracy of 
a stepper motor. 

The VRM configurations discussed in Sections 8.] through 8.3 consist of a single 
rotor and stator with multiple phases. A stepping motor of this configuration is called 
a single-stack, variable-reluctance stepping motor. An alternate form of variable- 
reluctance stepping motor is known as a multistack variable-reluctance stepping 
motor. In this configuration, the motor can be considered to be made up of a set of 
axially displaced, single-phase VRMs mounted on a single shaft. 

Figure 8.16 shows a multistack variable-reluctance stepping motor. This type of 
motor consists of a series of stacks, each axially displaced, of identical geometry and 
each excited by a single phase winding, as shown in Fig. 8.17. The motor of Fig. 8.16 
has three stacks and three phases, although motors with additional phases and stacks 
are common. For an n,-stack motor, the rotor or stator (but not both) on each stack is 
displaced by 1/n, times the pole-pitch angle. In Fig. 8.16, the rotor poles are aligned, 
but the stators are offset in angular displacement by one-third of the pole pitch. By 
successively exciting the individual phases, the rotor can be turned in increments of 
this displacement angle. 

A schematic diagram of a two-phase stepping motor with a permanent-magnet, 
two-pole rotor is shown in Fig. 8.18. Note that this machine is in fact a two-phase 
synchronous machine, similar for example to the three-phase permanent-magnet 
ac machine of Fig. 5.29. The distinction between such a stepping motor and a syn- 
chronous motor arises not from the construction of the motor but rather from how the 
motor is operated. The synchronous motor is typically intended to drive a load at a 
specified speed, and the stepping motor is typically intended to control the position 
of a load. 


8.5 Stepping Motors 


Figure 8.16 Cutaway view of a three-phase, three-stack variable-reluctance stepping 
motor. (Warner Electric.) 


The rotor of the stepping motor of Fig. 8.18 assumes the angles 9,, =0, 45°, 
90°, ... as the windings are excited in the sequence: 


1. Positive current in phase ! alone. 

2. Equal-magnitude positive currents in phase 1 and phase 2. 

3. Positive current in phase 2 alone. 

4. Equal-magnitude negative current in phase | and positive current in phase 2. 
5. Negative current in phase 1 alone. 

6. And so on. 


Note that if a ferromagnetic rotor were substituted for the permanent-magnet rotor, 
the rotor would move in a similar fashion. 

The stepping motor of Fig. 8.18 can also be used for 90° steps by exciting the 
coils singly. In the latter case, only a permanent-magnet rotor can be used. This can 
be seen from the torque-angle curves for the two types of rotors shown in Fig. 8.19. 
Whereas the permanent-magnet rotor produces peak torque when the excitation is 
shifted 90°, the ferromagnetic rotor produces zero torque and may move in either 
direction. 

The rotor position in the permanent-magnet stepping motor of Fig. 8.18 is defined 
by the winding currents with no ambiguity and depends on the direction of the phase 
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Stator 


Phase winding 


Figure 8.17 Diagram of one stack and phase 
of a multiphase, multistack variable-reluctance 
stepping motor, such as that in Fig. 8.16. For an 
n,-stack motor, the rotor or stator (but not both) 
on each stack is displaced by 1/n, times the 
pole pitch. 


Figure 8.18 Schematic diagram of a 
two-phase permanent-magnet 
stepping motor. 
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Figure 8.19 Torque-angle curves for the stepping motor of Fig. 8.18: 
(a) permanent-magnet rotor and (b) variable-reluctance rotor. 


currents. Reversing the phase currents will cause the rotor to reverse its orientation. 
This is in contrast to VRM configuration with a ferromagnetic rotor, in which two 
rotor positions are equally stable for any particular set of phase currents, and hence 
the rotor position cannot be determined uniquely. Permanent-magnet stepping motors 
are also unlike their VRM counterparts in that torque tending to align the rotor with 
the stator poles will be generated even when there is no excitation applied to the phase 
windings. Thus the rotor will have preferred unexcited rest positions, a fact which 
can be used to advantage in some applications. 


| EXAMPLE 8.5 | 8.5 


Using the techniques of Chapter 3 and neglecting saturation effects, the torque of a two-phase, 
permanent-magnet stepping motor of the form of Fig. 8.18 can be expressed as 


Tech = To (ij COS Om + in Sin On) 


where Ty is a positive constant that depends upon the motor geometry and the properties of the 
permanent magnet. 
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Calculate the rest (zero-torque) positions which will result if the motor is driven by a drive 
such that each phase current can be set equal to three values — Jy, 0, and Jo. Using such a drive, 
what is the motor step size? 


@ Solution 
In general, the zero-torque positions of the motor can be found by setting the torque expression 
to zero and solving for the resultant rotor position. Thus setting 


Deneck = To (i, sin On al iy cos On) =0 
gives 


i, sin @,, — in COSAm = O 


Om = tan”! (2) 
q 


Note that not all of these zero-torque positions correspond to stable equilibrium positions. 
For example, operation with i; = J) and i, = O gives two zero-torque positions: 6, = 0° 
and 6, = 180°. Yet only the position 6,, = 0° is stable. This is directly analogous to the case 
of a hanging pendulum which sees zero torque both when it is hanging downward (@ = 0°) 


or 


and when it is sitting inverted (9 = 180°). Yet, it is clear that the slightest perturbation of the 
position of the inverted pendulum will cause it to rotate downwards and that it will eventually 
come to rest in the stable hanging position. 

Stable rest positions of the rotor are determined by the requirement that a restoring torque 
is produced as the rotor moves from that position. Thus, a negative torque should result if 
the rotor moves in the +6,, direction, and a positive torque should result for motion in the —@,, 
direction. Mathematically, this can be expressed as an additional constraint on the torque at the 
rest position 


a Tech 
00m 


iia 


where the partial derivative is evaluated at the zero-torque position and is taken with the phase 
currents held constant. Thus, in this case, the rest position must satisfy the additional constraint 
that 


IT rech . ooo 
—— = ~—Ty (i, COSAn + ip siNnOn) < 0 
On |. 
ty? 
From this equation, we see for example that with i; = J, and i; = 0, at 6, = 0°, 


OT nech/9O0m < Oand thus 6,, = 0° isa stable rest position. Similarly, at@,, = 180°, OTmech/OO0m > 
0 and thus 9,, = 180° is not a stable rest position. 

Using these relationships, Table 8.1 lists the stable rest positions of the rotor for the various 
combinations of phase currents. 

From this table we see that this drive results in a step size of 45°. 
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Table 8.1 Rotor rest positions for Example 8.5. 


i, i; 8m 
0 0 , 
0 a 270° 
0 7; 90° 
a 0 180° 
= =I 225° 
ZT, i; 135° 
ly 0 0° 
i wae 315° 
ih a 45° 


Practice Problem 8.5 


In order to achieve a step size of 22.5°, the motor drive of Example 8.5 is modified so that each 
phase can be driven by currents of magnitude 0, tkJo, and +Jy. Find the required value of the 
constant k. 


Solution 


k = tan! (22.5°) = 0.4142 


In Example 8.5 we see that stable equilibrium positions of an unloaded stepping 
motor satisfy the conditions that there is zero torque, i.e., 


Tmech = 0 (8.20) 
and that there is positive restoring torque, i.e., 


a) Timech 
Om 


<0 (8.21) 
i,t 
In practice, there will of course be a finite load torque tending to perturb the stepping 
motor from these idealized positions. For open-loop control systems (i.e., control 
systems in which there is no mechanism for position feedback), a high-degree of 
position control can be achieved by designing the stepping motor to produce large 
restoring torque (i.e., a large magnitude of OTinech/06m). In such a stepping motor, 
load torques will result in only a small movement of the rotor from the idealized 
positions which satisfies Eqs. 8.20 and 8.21. 

Example 8.5 also shows how carefully controlled combinations of phase cur- 
rents can enhance the resolution of a stepper motor. This technique, referred to as 
microstepping, can be used to achieve increased step resolution of a wide variety 
of stepper motors. As the following example shows, microstepping can be used to 
produce extremely fine position resolution. The increased resolution comes, however, 
at the expense of an increase in complexity of the stepping-motor drive electronics 
and control algorithms, which must accurately control the distribution of current to 
multiple phases simultaneously. 
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| EXAMPLE 8.6 | 8.6 


Consider again the two-phase, permanent-magnet stepping motor of Example 8.5. Calculate 
the rotor position which will result if the phase currents are controlled to be sinusoidal functions 
of a reference angle 6,.; in the form 


1; => Ip cos ret 
in = Io Sin Of 


Solution 
Substitution of the current expressions into the torque expression of Example 8.5 gives 


Tnech = To (i, COS Om + i7 SiN Om) = Ty Lp (COS rep COS Aq + SiN Gree SIN Oy) 
Use of the trigonometric identity cos (a — 8) = cosa cos 8 + sing sin B gives 
Tech = Thlo cos (ret m2 Om) 


From this expression and using the analysis of Example 8.5, we see that the rotor equilib- 
rium position will be equal to the reference angle, i-e., 0, = Ores. In a practical implementation, 
a digital controller is likely to be used to increment 6,,; in finite steps, which will result in finite 
steps in the position of the stepping-motor. 


The hybrid stepping motor combines characteristics of the variable-reluctance 
and permanent-magnet stepping motors. A photo of a hybrid stepping motor is shown 
in Fig. 8.20, and a schematic view of a hybrid stepping motor is shown in Fig. 8.21. 
The hybrid-stepping-motor rotor configuration appears much like that of a multistack 
variable-reluctance stepping motor. In the rotor of Fig. 8.2 1a, two identical rotor stacks 
are displaced axially along the rotor and displaced in angle by one-half the rotor pole 
pitch, while the stator pole structure is continuous along the length of the rotor. Unlike 
the multistack variable-reluctance stepping motor, in the hybrid stepping motor, the 
rotor stacks are separated by an axially-directed permanent magnet. As a result, in 
Fig. 8.21a one end of the rotor can be considered to have a north magnetic pole and 


Figure 8.20 Disassembled 1.8°/step hybrid stepping motor. (Oriental Motor.) 


8.5 Stepping Motors 


(a) (b) 


Figure 8.21 Schematic view of a hybrid stepping motor. (a) Two-stack rotor showing 
the axially-directed permanent magnet and the pole pieces displaced by one-half the 
pole pitch. (fb) End view from the rotor north poles and showing the rotor south poles at 
the far end (shown crosshatched). Phase 1 of the stator is energized to align the rotor as 
shown. 


the other end a south magnetic pole. Figure 8.21b shows a schematic end view of a 
hybrid stepping motor. The stator has four poles with the phase-1 winding wound on 
the vertical poles and the phase-2 winding wound on the horizontal poles. The rotor 
is shown with its north-pole end at the near end of the motor and the south-pole end 
(shown crosshatched) at the far end. 

In Fig. 8.21b, phase 1 is shown excited such that the top stator pole is a south 
pole while the bottom pole is a north pole. This stator excitation interacts with the 
permanent-magnet flux of the rotor to align the rotor with a pole on its north-pole end 
vertically upward and a pole on its south-pole end vertically downward, as shown in 
the figure. Note that if the stator excitation is removed, there will still be a permanent- 
magnet torque tending to maintain the rotor in the position shown. 

To turn the rotor, excitation is removed from phase 1, and phase 2 1s excited. If 
phase 2 is excited such that the right-hand stator pole is a south pole and the left- 
hand one is a north pole, the rotor will rotate 30° counterclockwise. Similarly, if the 
opposite excitation is applied to the phase-2 winding, a 30° rotation in the clockwise 
direction will occur. Thus, by alternately applying phase-1 and phase-2 excitation 
of the appropriate polarity, the rotor can be made to rotate in either direction by a 
specified angular increment. 

Practical hybrid stepping motors are generally built with more rotor poles than 
are indicated in the schematic motor of Fig. 8.21, in order to give much better angular 
resolution. Correspondingly, the stator poles are often castleated (see Fig. 8.8) to 
further increase the angular resolution. In addition, they may be built with more than 
two stacks per rotor. 

The hybrid stepping motor design offers advantages over the permanent-magnet 
design discussed earlier. It can achieve small step sizes easily and with a simple 
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magnet structure while a purely permanent-magnet motor would require a multipole 
permanent magnet. In comparison with the variable-reluctance stepping motor, the 
hybrid design may require less excitation to achieve a given torque because some of 
the excitation is supplied by the permanent magnet. In addition, the hybrid stepping 
motor will tend to maintain its position when the stator excitation is removed, as does 
the permanent-magnet design. 

The actual choice of a stepping-motor design for a particular application is de- 
termined based on the desired operating characteristics, availability, size, and cost. 
In addition to the three classifications of stepping motors discussed in this chapter, 
a number of other different and often quite clever designs have been developed. Al- 
though these encompass a wide range of configurations and construction techniques, 
the operating principles remain the same. 

Stepping motors may be driven by electronic drive components similar to those 
discussed in Section 11.4 in the context of VRM drives. Note that the issue of con- 
trolling a stepping motor to obtain the desired response under dynamic, transient 
conditions is quite complex and remains the subject of considerable investigation.* 


8.6 SUMMARY 


Variable-reluctance machines are perhaps the simplest of electrical machines. They 
consist of a stator with excitation windings and a magnetic rotor with saliency. Torque 
is produced by the tendency of the salient-pole rotor to align with excited magnetic 
poles on the stator. 

VRMs are synchronous machines in that they produce net torque only when 
the rotor motion is in some sense synchronous with the applied stator mmf. This 
synchronous relationship may be complex, with the rotor speed being some specific 
fraction of the applied electrical frequency as determined not only by the number of 
stator and rotor poles but also by the number of stator and rotor teeth on these poles. 
In fact, in some cases, the rotor will be found to rotate in the direction opposite to the 
rotation direction of the applied stator mmf. 

Successful operation of a VRM depends on exciting the stator phase windings 
in a specific fashion correlated to the instantaneous position of the rotor. Thus, rotor 
position must be measured, and a controller must be employed to determine the 
appropriate excitation waveforms and to control the output of the inverter. Typically 
chopping is required to obtain these waveforms. The net result is that although the 
VRM is itself a simple device, somewhat complex electronics are typically required 
to make a complete drive system. 

The significance of VRMs in engineering applications stems from their low cost, 
reliability, and controllability. Because their torque depends only on the square of the 
applied stator currents and not on their direction, these machines can be operated from 


4 For further information on stepping motors, see P. Acarnley, Stepping Motors: A Guide to Modern 
Theory and Practice, 2nd ed., Peter Peregrinus Ltd., London, 1982; Takashi Kenjo, Stepping Motors and 
Their Microprocessor Controls, Clarendon Press, Oxford, 1984; and Benjamin C. Kuo, Theory and 
Applications of Step Motors, West Publishing Co., St. Paul, Minnesota, 1974. 
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unidirectional drive systems, reducing the cost of the power electronics. However, it 
is only recently, with the advent of low-cost, flexible power electronic circuitry and 
microprocessor-based control systems, that VRMs have begun to see widespread 
application in systems ranging from traction drives to high-torque, precision position 
control systems for robotics applications. 

Practical experience with VRMs has shown that they have the potential for high 
reliability. This is due in part to the simplicity of their construction and to the fact 
that there are no windings on their rotors. In addition, VRM drives can be operated 
successfully (at a somewhat reduced rating) following the failure of one or more 
phases, either in the machine or in the inverter. VRMs typically have a large number 
of stator phases (four or more), and significant output can be achieved even if some of 
these phases are out of service. Because there is no rotor excitation, there will be no 
voltage generated in a phase winding which fails open-circuited or current generated 
in a phase winding which fails short-circuited, and thus the machine can continue to 
be operated without risk of further damage or additional losses and heating. 

Because VRMs can be readily manufactured with a large number of rotor and 
stator teeth (resulting in large inductance changes for small changes in rotor angle), 
they can be constructed to produce very large torque per unit volume. There is, 
however, a trade-off between torque and velocity, and such machines will have a low 
rotational velocity (consistent with the fact that only so much power can be produced 
by a given machine frame size). On the opposite extreme, the simple configuration 
of a VRM rotor and the fact that it contains no windings suggest that it is possible 
to build extremely rugged VRM rotors. These rotors can withstand high speeds, and 
motors which operate in excess of 200,000 r/min have been built. 

Finally, we have seen that saturation plays a large role in VRM performance. 
As recent advances in power electronic and microelectronic circuitry have brought 
VRM drive systems into the realm of practicality, so have advances in computer- 
based analytical techniques for magnetic-field analysis. Use of these techniques now 
makes it practical to perform optimized designs of VRM drive systems which are 
competitive with alternative technologies in many applications. 

Stepping motors are closely related to VRMs in that excitation of each succes- 
sive phase of the stator results in a specific angular rotation of the rotor. Stepping 
motors come in a wide variety of designs and configurations. These include variable- 
reluctance, permanent-magnet, and hybrid configurations. The rotor position of a 
variable-reluctance stepper motor is not uniquely determined by the phase currents 
since the phase inductances are not unique functions of the rotor angle. The addition 
of a permanent magnet changes this situation and the rotor position of a permanent- 
magnet stepper motor is a unique function of the phase currents. 

Stepping motors are the electromechanical companions to digital electronics. By 
proper application of phase currents to the stator windings, these motors can be made 
to rotate in well-defined steps ranging down to a fraction of a degree per pulse. They are 
thus essential components of digitally controlled electromechanical systems where a 
high degree of precision is required. They are found in a wide range of applications 
including numerically controlled machine tools, in printers and plotters, and in disk 
drives. 
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8.7 PROBLEMS 


8.1 


8.2 


8.3 


8.4 


Repeat Example 8.1! for a machine identical to that considered in the example 
except that the stator pole-face angle is 6B = 45°. 

In the paragraph preceeding Eq. 8.1, the text states that “under the 
assumption of negligible iron reluctance the mutual inductances between the 
phases of the doubly-salient VRM of Fig. 8.1b will be zero, with the 
exception of a small, essentially constant component associated with leakage 
flux.” Neglect any leakage flux effects and use magnetic circuit techniques to 
show that this statement is true. 

Use magnetic-circuit techniques to show that the phase-to-phase mutual 
inductance in the 6/4 VRM of Fig. 8.5 is zero under the assumption of infinite 
rotor- and stator-iron permeability. Neglect any contributions of leakage flux. 
A 6/4 VRM of the form of Fig. 8.5 has the following properties: 


Stator pole angle B = 30° 
Rotor pole angle a = 30° 
Air-gap length g = 0.35 mm 
Rotor outer radius R = 5.1 cm 
Active length D = 7 cm 


This machine ts connected as a three-phase motor with opposite poles 
connected in series to form each phase winding. There are 40 turns per pole 
(80 turns per phase). The rotor and stator iron can be considered to be of 
infinite permeability and hence mutual-inductance effects can be neglected. 
a. Defining the zero of rotor angle 6, at the position when the phase- 1! 

inductance is maximum, plot and label the inductance of phase I as a 

function of rotor angle. 

b. On the plot of part (a), plot the inductances of phases 2 and 3. 

c. Find the phase-1 current /g which results in a magnetic flux density of 
1.0 T in the air gap under the phase-1 pole face when the rotor is in a 
position of maximum phase-| inductance. 

d. Assuming that the phase-! current is held constant at the value found in 
part (c) and that there is no current in phases 2 and 3, plot the torque as a 
function of rotor position. 

The motor is to be driven from a three-phase current-source inverter 
which can be switched on or off to supply either zero current or a constant 
current of magnitude Jp in phases 2 and 3; plot the torque as a function of 
rotor position. 

e. Under the idealized assumption that the currents can be instantaneously 
switched, determine the sequence of phase currents (as a function of rotor 
position) that will result in constant positive motor torque, independent of 
rotor position. 

f. Ifthe frequency of the stator excitation is such that a time Ty = 35 msec is 
required to sequence through all three phases under the excitation 


8.5 


8.6 


8.7 


8.8 


8.9 
8.10 


8.11 


8.7 Problems 


conditions of part (e), find the rotor angular velocity and its direction of 
rotation. 

In Section 8.2, when discussing Fig. 8.5, the text states: “In addition to the 

fact that there are not positions of simultaneous alignment for the 6/4 VRM, 

it can be seen that there also are no rotor positions at which only a torque of a 

single sign (either positive or negative) can be produced.” Show that this 

statement is true. 

Consider a three-phase 6/8 VRM. The stator phases are excited sequentially, 

requiring a total time of 15 msec. Find the angular velocity of the rotor in 

r/min. 

The phase windings of the castleated machine of Fig. 8.8 are to be excited by 

turning the phases on and off individually (i.e., only one phase can be on at 

any given time). 

a. Describe the sequence of phase excitations required to move the rotor to 
the right (clockwise) by an angle of approximately 21.4°. 

b. The stator phases are to be excited as a regular sequence of pulses. 
Calculate the phase order and the time between pulses required to 
produce a steady-state rotor rotation of 125 r/min in the counterclockwise 
direction. 

Replace the 28-tooth rotor of Problem 8.7 with a rotor with 26 teeth. 

a. Phase 1 is excited, and the rotor is allowed to come to rest. If the 
excitation on phase 1 is removed and excitation is applied to phase 2, 
calculate the resultant direction and magnitude (in degrees) of rotor 
rotation. 

b. The stator phases are to be excited as a regular sequence of pulses. 
Calculate the phase order and the time between pulses required to 
produce a steady-state rotor rotation of 80 r/min in the counterclockwise 
direction. 

Repeat Example 8.3 for a rotor speed of 4500 r/min. 

Repeat Example 8.3 under the condition that the rotor speed is 4500 r/min 

and that a negative voltage of —250 V is used to turn off the phase current. 

The three-phase 6/4 VRM of Problem 8.4 has a winding resistance of 

0.15 Q/phase and a leakage inductance of 4.5 mH in each phase. Assume that 

the rotor is rotating at a constant angular velocity of 1750 r/min. 

a. Plot the phase-1 inductance as a function of the rotor angle On. 

b. A voltage of 75 V is applied to phase 1 as the rotor reaches the position 
9m = —30° and is maintained constant until 6,, = 0°. Calculate and plot 
the phase-1 current as a function of time during this period. 

c. When the rotor reaches 9 = 0°, the applied voltage is reversed so that a 
voltage of —75 V is applied to the winding. This voltage is maintained 
until the winding current reaches zero, at which point the winding is 
open-circuited. Calculate and plot the current decay during the time until 
the current decays to zero. 

d. Calculate and plot the torque during the time periods investigated in parts 
(b) and (c). 
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8.12 


8.14 


8.15 


Assume that the VRM of Examples 8.1 and 8.3 is modified by replacing its 
rotor with a rotor with 75° pole-face angles as shown in Fig. 8.12a. All other 
dimensions and parameters of the VRM are unchanged. 

a. Calculate and plot L(6,,) for this machine. 

b. Repeat Example 8.3 except that the constant voltage 100 V is first 
applied at 6,, = —67.5° when dL (6,,)/d6,, becomes positive and the 
constant voltage of —100 V is then applied at 6,, = —7.5° (i.e., when 
dL (6m)/d9m becomes zero) and is maintained until the winding current 
reaches zero. 

c. Plot the corresponding torque. 

Repeat Example 8.4 for a symmetrical two-phase 4/2 VRM whose A-i 

characteristic can be represented by the following expression (for phase 1) as 

a function of 6, over the range 0 < 6, < 90°: 


0.01 + 0.15 cle 120 \") 
= a - t 
90° 12.0+ i; : 


Consider a two-phase stepper motor with a permanent-magnet rotor such as 
shown in Fig. 8.18 and whose torque-angle curve is as shown in Fig. 8.19a. 
This machine is to be excited by a four-bit digital sequence corresponding to 
the following winding excitation: 


bit bit 
1 2 i 3 4 iy 
0 0 0 0 0 0 
0 ] —Iy 0 | a Ty 
] 0 Io | 0 Iy 
! l 0 | l 0 


a. Make a table of 4-bit patterns which will produce rotor angular positions 
of 0, 45°, ..., 315°. 

b. By sequencing through the bit pattern found in part (a) the motor can be 
made to rotate. What time interval (in milliseconds) between bit-pattern 
changes will result in a rotor speed of 1200 r/min? 

Figure 8.22 shows a two-phase hybrid stepping motor with castleated poles 

on the stator. The rotor is shown in the position it occupies when current is 

flowing into the positive lead of phase 1. 

a. If phase one is turned off and phase 2 is excited with current flowing into 
its positive lead, calculate the corresponding angular rotation of the rotor. 
Is it in the clockwise or counterclockwise direction? 

b. Describe an excitation sequence for the phase windings which will result 
in a steady rotation of the rotor in the clockwise direction. 


8.7 Problems 
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Figure 8.22 Casileated hybrid stepping motor for 
Problem 8.15. 


c. Determine the frequency of the phase currents required to achieve a rotor 
speed of 8 r/min. 

8.16 Consider a multistack, multiphase variable-reluctance stepping motor, such 
as that shown schematically in Fig. 8.17, with 14 poles on each of the rotor 
and stator stacks and three stacks with one phase winding per stack. The 
motor is built such that the stator poles of each stack are aligned. 

a. Calculate the angular displacement between the rotor stacks. 


b. Determine the frequency of phase currents required to achieve a rotor 
speed of 900 r/min. 
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Single: and Two-Phase 
Motors 


his chapter discusses single-phase motors. While focusing on induction motors, 

synchronous-reluctance, hysteresis, and shaded-pole induction motors are also 

discussed. Note that another common single-phase motor, the series universal 
motor, is discussed in Section 7.10. Most induction motors of fractional-kilowatt 
(fractional horsepower) rating are single-phase motors. In residential and commercial 
applications, they are found in a wide range of equipment including refrigerators, air 
conditioners and heat pumps, fans, pumps, washers, and dryers. 

In this chapter, we will describe these motors qualitatively in terms of rotating- 
field theory and will begin with a rigorous analysis of a single-phase motor operating 
off of a single winding. However, most single-phase induction motors are actually 
two-phase motors with unsymmetrical windings; the two windings are typically quite 
different, with different numbers of turns and/or winding distributions. Thus this 
chapter also discusses two-phase motors and includes a development of a quantitative 
theory for the analysis of single-phase induction motors when operating off both their 
main and auxiliary windings. 


9.1 SINGLE-PHASE INDUCTION MOTORS: 
QUALITATIVE EXAMINATION 


Structurally, the most common types of single-phase induction motors resemble 
polyphase squirrel-cage motors except for the arrangement of the stator windings. 
An induction motor with a squirrel-cage rotor and a single-phase stator winding is 
represented schematically in Fig. 9.1. Instead of being a concentrated coil, the actual 
stator winding is distributed in slots to produce an approximately sinusoidal space 
distribution of mmf. As we saw in Section 4.5.1, a single-phase winding produces 
equal forward- and backward-rotating mmf waves. By symmetry, it is clear that such 
a motor inherently will produce no starting torque since at standstill, it will produce 
equal torque in both directions. However, we will show that if it is started by auxiliary 


9.1 Single-Phase Induction Motors: Qualitative Examination 
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Figure 9.1. Schematic view of a 
single-phase induction motor. 


means, the result will be a net torque in the direction in which it is started, and hence 
the motor will continue to run. 

Before we consider auxiliary starting methods, we will discuss the basic proper- 
ties of the schematic motor of Fig. 9.1. If the stator current is a cosinusoidal function 
of time, the resultant air-gap mmf is given by Eq. 4.18 


F agi = Frmax COS (Age) COS Wet (9.1) 


which, as shown in Section 4.5.1, can be written as the sum of positive- and negative- 
traveling mmf waves of equal magnitude. The positive-traveling wave is given by 


1 
Fag = 3 Fmax COS (Bae — Wel) (9.2) 
and the negative-traveling wave is given by 
= if 
Figi = 3 Fmax COS (Bae + Wet) (9.3) 


Each of these component mmf waves produces induction-motor action, but the 
corresponding torques are in opposite directions. With the rotor at rest, the forward 
and backward air-gap flux waves created by the combined mmf’s of the stator and 
rotor currents are equal, the component torques are equal, and no starting torque 
is produced. If the forward and backward air-gap flux waves were to remain equal 
when the rotor revolves, each of the component fields would produce a torque-speed 
characteristic similar to that of a polyphase motor with negligible stator leakage 
impedance, as illustrated by the dashed curves f and b in Fig. 9.2a. The resultant 
torque-speed characteristic, which is the algebraic sum of the two component curves, 
shows that if the motor were started by auxiliary means, it would produce torque in 
whatever direction it was started. 

The assumption that the air-gap flux waves remain equal when the rotor is in 
motion is a rather drastic simplification of the actual state of affairs. First, the effects 
of stator leakage impedance are ignored. Second, the effects of induced rotor currents 
are not properly accounted for. Both these effects will ultimately be included in the 
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Figure 9.2 Jorque-speed characteristic of a single-phase 
induction motor (a) on the basis of constant forward and 
backward flux waves, (b) taking into account changes in the 
flux waves. 


detailed quantitative theory of Section 9.3. The following qualitative explanation 
shows that the performance of a single-phase induction motor Is considerably better 
than would be predicted on the basis of equal forward and backward flux waves. 
When the rotor is in motion, the component rotor currents induced by the back- 
ward field are greater than at standstill, and their power factor is lower. Their mmf, 


9.2 Starting and Running Performance of Single-Phase Induction and Synchronous Motors 


which opposes that of the stator current, results in a reduction of the backward 
flux wave. Conversely, the magnetic effect of the component currents induced by 
the forward field is less than at standstill because the rotor currents are less and their 
power factor is higher. As speed increases, therefore, the forward flux wave increases 
while the backward flux wave decreases. The sum of these flux waves must remain 
roughly constant since it must induce the stator counter emf, which is approximately 
constant if the stator leakage-impedance voltage drop is small. 

Hence, with the rotor in motion, the torque of the forward field is greater and 
that of the backward field less than in Fig. 9.2a, the true situation being about that 
shown in Fig. 9.2b. In the normal running region at a few percent slip, the forward 
field is several times greater than the backward field, and the flux wave does not 
differ greatly from the constant-amplitude revolving field in the air gap of a bal- 
anced polyphase motor. In the normal running region, therefore, the torque-speed 
characteristic of a single-phase motor is not too greatly inferior to that of a polyphase 
motor having the same rotor and operating with the same maximum air-gap flux 
density. 

In addition to the torques shown in Fig. 9.2, double-stator-frequency torque 
pulsations are produced by the interactions of the oppositely rotating flux and mmf 
waves which rotate past each other at twice synchronous speed. These interactions 
produce no average torque, but they tend to make the motor noisier than a polyphase 
motor. Such torque pulsations are unavoidable in a single-phase motor because of the 
pulsations in instantaneous power input inherent in a single-phase circuit. The effects 
of the pulsating torque can be minimized by using an elastic mounting for the motor. 
The torque referred to on the torque-speed curves of a single-phase motor is the time 
average of the instantaneous torque. 


9.2 STARTING AND RUNNING 
PERFORMANCE OF SINGLE-PHASE 
INDUCTION AND SYNCHRONOUS 
MOTORS 


Single-phase induction motors are classified in accordance with their starting methods 
and are usually referred to by names descriptive of these methods. Selection of the 
appropriate motor is based on the starting- and running-torque requirements of the 
load, the duty cycle of the load, and the limitations on starting and running current 
from the supply line for the motor. The cost of single-phase motors increases with 
their rating and with their performance characteristics such as starting-torque-to- 
current ratio. Typically, in order to minimize cost, an application engineer will select 
the motor with the lowest rating and performance that can meet the specifications 
of the application. Where a large number of motors are to be used for a specific 
purpose, a special motor may be designed in order to ensure the least cost. In the 
fractional-kilowatt motor business, small differences in cost are important. 

Starting methods and the resulting torque-speed characteristics are considered 
qualitatively in this section. A quantitative theory for analyzing these motors is de- 
veloped in Section 9.4.2. 
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Figure 9.3 Split-phase motor: (a) connections, (b) phasor diagram at starting, and (c) typical torque-speed 
characteristic. 


9.2.1 Split-Phase Motors 


Split-phase motors have two stator windings, a main winding (also referred to as 
the run winding) which we will refer to with the subscript ‘main’ and an auxiliary 
winding (also referred to as the start winding) which we will refer to with the subscript 
‘aux’. As in a two-phase motor, the axes of these windings are displaced 90 electrical 
degrees in space, and they are connected as shown in Fig. 9.3a. The auxiliary winding 
has a higher resistance-to-reactance ratio than the main winding, with the result that 
the two currents will be out of phase, as indicated in the phasor diagram of Fig. 9.3b, 
which is representative of conditions at starting. Since the auxiliary-winding current 
I aux leads the main-winding current I main, the stator field first reaches a maximum 
along the axis of the auxiliary winding and then somewhat later in time reaches a 
maximum along the axis of the main winding. 

The winding currents are equivalent to unbalanced two-phase currents, and the 
motor is equivalent to an unbalanced two-phase motor. The result is a rotating stator 
field which causes the motor to start. After the motor starts, the auxiliary winding is 
disconnected, usually by means of a centrifugal switch that operates at about 75 per- 
cent of synchronous speed. The simple way to obtain the high resistance-to-reactance 
ratio for the auxiliary winding is to wind it with smaller wire than the main wind- 
ing, a permissible procedure because this winding operates only during starting. Its 
reactance can be reduced somewhat by placing it in the tops of the slots. A typical 
torque-speed characteristic for such a motor is shown in Fig. 9.3c. 

Split-phase motors have moderate starting torque with low starting current. Typi- 
cal applications include fans, blowers, centrifugal pumps, and office equipment. Typi- 
cal ratings are 50 to 500 watts; in this range they are the lowest-cost motors available. 


9.2.2 Capacitor-Type Motors 


Capacitors can be used to improve motor starting performance, running performance, 
or both, depending on the size and connection of the capacitor. The capacitor-start 


9.2 Starting and Running Performance of Single-Phase Induction and Synchronous Motors 457 


400 | Ceca Eee i pairs Ganon 
3, 300 
j g 
a bar 
| 8 200 1 
o 1 
Main _ Main sini 20} 
all of 
\ winding 100 }- | only a 213 
=o = 2.8 
| ‘ ~ Bie. 
Auxiliary 0 20 40 60 80 100 
winding Percent synchronous speed 
(b) (c) 


Figure 9.4 Capacitor-start motor: (a) connections, (b) phasor diagram at starting, and (c) typical torque-speed 
characteristic. 


motor is also a split-phase motor, but the time-phase displacement between the two 
currents is obtained by means of a capacitor in series with the auxiliary winding, 
as shown in Fig. 9.4a, Again the auxiliary winding is disconnected after the motor 
has started, and consequently the auxiliary winding and capacitor can be designed at 
minimum cost for intermittent service. 

By using a starting capacitor of appropriate value, the auxiliary-winding current 
Taux at standstill can be made to lead the main-winding current 7 main by 90 electrical 
degrees, as it would in a balanced two-phase motor (see Fig. 9.4b). In practice, the 
best compromise between starting torque, starting current, and cost typically results 
with a phase angle somewhat less than 90°. A typical torque-speed characteristic is 
shown in Fig. 9.4c, high starting torque being an outstanding feature. These motors are 
used for compressors, pumps, refrigeration and air-conditioning equipment, and other 
hard-to-start loads. A cutaway view of a capacitor-start motor is shown in Fig. 9.5. 

In the permanent-split-capacitor motor, the capacitor and auxiliary winding are 
not cut out after starting; the construction can be simplified by omission of the switch, 
and the power factor, efficiency, and torque pulsations improved. For example, the 
capacitor and auxiliary winding could be designed for perfect two-phase operation 
(i.e., no backwards flux wave) at any one desired load. The losses due to the backward 
field at this operating point would then be eliminated, with resulting improvement 
in efficiency. The double-stator-frequency torque pulsations would also be elimi- 
nated, with the capacitor serving as an energy storage reservoir for smoothing out the 
pulsations in power input from the single-phase line, resulting in quieter operation. 
Starting torque must be sacrificed because the choice of capacitance is necessarily a 
compromise between the best starting and running values. The resulting torque-speed 
characteristic and a schematic diagram are given in Fig. 9.6. 

If two capacitors are used, one for starting and one for running, theoretically 
optimum starting and running performance can both be obtained. One way of accom- 
plishing this result is shown in Fig. 9.7a. The small value of capacitance required for 
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Figure 9.5 Cutaway view of a capacitor-start induction motor. 
The starting switch is at the right of the rotor. The motor is of 
drip-proof construction. (General Electric Company.) 
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Figure 9.6 Permanent-split-capacitor motor and typical torque-speed 
characteristic. 
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Figure 9.7 Capacitor-start, capacitor-run motor and typical torque-speed characteristic. 
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optimum running conditions is permanently connected in series with the auxiliary 
winding, and the much larger value required for starting is obtained by a capacitor 
connected in parallel with the running capacitor via a switch with opens as the motor 
comes up to speed. Such a motor is known as a capacitor-start, capacitor-run motor. 

The capacitor for a capacitor-start motor has a typical value of 300 wF for a 
500-W motor. Since it must carry current for just the starting time, the capacitor is 
a special compact ac electrolytic type made for motor-starting duty. The capacitor 
for the same motor permanently connected has a typical rating of 40 FE, and since it 
operates continuously, the capacitor is an ac paper, foil, and oil type. The cost of the 
various motor types is related to performance: the capacitor-start motor has the lowest 
cost, the permanent-split-capacitor motor next, and the capacitor-start, capacitor-run 
motor the highest cost. 


A 2.5-kW 120-V 60-Hz capacitor-start motor has the following impedances for the main and 
auxiliary windings (at starting): 


Zmain = 4.5 + f3.7 Q main winding 
Zoux = 9.5+ 73.5 Q auxiliary winding 


Find the value of starting capacitance that will place the main and auxiliary winding 
currents in quadrature at starting. 


# Solution 
The currents fain and /,,, are shown in Fig. 9.4a and b. The impedance angle of the main 
winding is 


al 
Pmain = tan”! (32) = 39.6° 


To produce currents in time quadrature with the main winding, the impedance angle of the 
auxiliary winding circuit (including the starting capacitor) must be 


b = 39.6° — 90.0° = —50.4° 
The combined impedance of the auxiliary winding and starting capacitor is equal to 


Zita = Zax + {Xo =9I5+ 735+ X)Q 


where X, = — a is the reactance of the capacitor and w = 2760 ~ 377 rad/sec. Thus 
3.5 + X. 
tan7' { ——__— } = —50.4° 
= ( 9.5 ) 
35 Xe. 


= tan (—50.4°) = —1.21 
95 am ) 


and hence 


X, = —1.21 x 9.5 —-3.5 = —-15.02 
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The capacitance C is then 
= —-1 
wX, 377 x (-15.0) 


| Practice Problem 9.1 | Problem 9.1 


Consider the motor of Example 9.1. Find the phase angle between the main- and auxiliary- 
winding currents if the 177-yF capacitor is replaced by a 200-yF capacitor. 


C= = 177 uF 


Solution 
85.2° 


9.2.3 Shaded-Pole Induction Motors 


As illustrated schematically in Fig. 9.8a, the shaded-pole induction motor usually has 
salient poles with one portion of each pole surrounded by a short-circuited turn of 
copper called a shading coil. Induced currents in the shading coil cause the flux in 
the shaded portion of the pole to lag the flux in the other portion. The result is similar 
to a rotating field moving in the direction from the unshaded to the shaded portion of 
the pole; currents are induced in the squirrel-cage rotor and a low starting torque is 
produced. A typical torque-speed characteristic is shown in Fig. 9.8b. Their efficiency 
is low, but shaded-pole motors are the least expensive type of subfractional-kilowatt 
motor. They are found in ratings up to about 50 watts. 


9.2.4 Self-Starting Synchronous-Reluctance Motors 


Any one of the induction-motor types described above can be made into a self-starting 
synchronous-reluctance motor. Anything which makes the reluctance of the air gap 
a function of the angular position of the rotor with respect to the stator coil axis 
will produce reluctance torque when the rotor is revolving at synchronous speed. For 
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Figure 9.8 Shaded-pole induction motor and typical torque-speed characteristic. 
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Figure 9.9 Rotor punching for four-pole synchronous-reluctance motor and 
typical torque-speed characteristic. 


example, suppose some of the teeth are removed from a squirrel-cage rotor, leaving the 
bars and end rings intact, as in an ordinary squirrel-cage induction motor. Figure 9.9a 
shows a lamination for such a rotor designed for use with a four-pole stator. The stator 
may be polyphase or any one of the single-phase types described above. 

The motor will start as an induction motor and at light loads will speed up to a 
small value of slip. The reluctance torque arises from the tendency of the rotor to try 
to align itself in the minimum-reluctance position with respect to the synchronously 
revolving forward air-gap flux wave, in accordance with the principles discussed 
in Chapter 3. At a small slip, this torque alternates slowly in direction; the rotor 
is accelerated during a positive half cycle of the torque variation and decelerated 
during the succeeding negative half cycle. If the moment of inertia of the rotor and its 
mechanical load are sufficiently small, the rotor will be accelerated from slip speed 
up to synchronous speed during an accelerating half cycle of the reluctance torque. 
The rotor will then pull into synchronism and continue to run at synchronous speed. 
The presence of any backward-revolving stator flux wave will produce torque ripple 
and additional losses, but synchronous operation will be maintained provided the load 
torque is not excessive. 

A typical torque-speed characteristic for a split-phase-start synchronous- 
reluctance motor is shown in Fig. 9.9b. Notice the high values of induction-motor 
torque. The reason for this is that in order to obtain satisfactory synchronous-motor 
characteristics, it has been found necessary to build synchronous-reluctance motors 
in frames which would be suitable for induction motors of two or three times their 
synchronous-motor rating. Also notice that the principal effect of the salient-pole rotor 
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on the induction-motor characteristic is at standstill, where considerable “cogging” 
is evident; i.e., the torque varies considerably with rotor position. 


9.2.5 Hysteresis Motors 


The phenomenon of hysteresis can be used to produce mechanical torque. In its 
simplest form, the rotor of a hysteresis motor is a smooth cylinder of magnetically 
hard steel, without windings or teeth. It is placed inside a slotted stator carrying 
distributed windings designed to produce as nearly as possible a sinusoidal space 
distribution of flux, since undulations in the flux wave greatly increase the losses. In 
single-phase motors, the stator windings usually are of the permanent-split-capacitor 
type, as in Fig. 9.6. The capacitor is chosen so as to result in approximately balanced 
two-phase conditions within the motor windings. The stator then produces a primarily 
space-fundamental air-gap field revolving at synchronous speed. 

Instantaneous magnetic conditions in the air gap and rotor are indicated in 
Fig. 9.10a for a two-pole stator. The axis SS’ of the stator-mmf wave revolves at 
synchronous speed. Because of hysteresis, the magnetization of the rotor lags behind 
the inducing mmf wave, and therefore the axis RR’ of the rotor flux wave lags behind 
the axis of the stator-mmf wave by the hysteretic lag angle 6 (Fig. 9.10a). If the rotor is 
stationary, starting torque is produced proportional to the product of the fundamental 
components of the stator mmf and rotor flux and the sine of the torque angle 5. The rotor 
then accelerates if the torque of the load is less than the developed torque of the motor. 

As long as the rotor is turning at less than synchronous speed, each region of the 
rotor is subjected to a repetitive hysteresis cycle at slip frequency. While the rotor 
accelerates, the lag angle 6 remains constant if the flux is constant, since the angle 6 
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Figure 9.10 (a) General nature of the magnetic field in the air gap and rotor 
of a hysteresis motor; (b) idealized torque-speed characteristic. 
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depends merely on the hysteresis loop of the rotor material and is independent of 
the rate at which the loop is traversed. The motor therefore develops constant torque 
right up to synchronous speed, as shown in the idealized torque-speed characteristic 
of Fig. 9.10b. This feature is one of the advantages of the hysteresis motor. In con- 
trast with a reluctance motor, which must “snap” its load into synchronism from an 
induction-motor torque-speed characteristic, a hysteresis motor can synchronize any 
load which it can accelerate, no matter how great the inertia. After reaching synchro- 
nism, the motor continues to run at synchronous speed and adjusts its torque angle so 
as to develop the torque required by the load. 

The hysteresis motor is inherently quiet and produces smooth rotation of its load. 
Furthermore, the rotor takes on the same number of poles as the stator field. The 
motor lends itself to multispeed synchronous operation when the stator is wound with 
several sets of windings and utilizes pole-changing connections. The hysteresis motor 
can accelerate and synchronize high-inertia loads because its torque is uniform from 
standstill to synchronous speed. 


9.3 REVOLVING-FIELD THEORY OF 
SINGLE-PHASE INDUCTION MOTORS 


As discussed in Section 9.1, the stator-mmf wave of a single-phase induction motor 
can be shown to be equivalent to two constant-amplitude mmf waves revolving at 
synchronous speed in opposite directions. Each of these component stator-mmf waves 
induces its own component rotor currents and produces induction-motor action just 
as in a balanced polyphase motor. This double-revolving-field concept not only is 
useful for qualitative visualization but also can be developed into a quantitative theory 
applicable to a wide variety of induction-motor types. We will not discuss the full 
quantitative theory here.' However, we will consider the simpler, but important case 
of a single-phase induction motor running on only its main winding. 

Consider conditions with the rotor stationary and only the main stator wind- 
ing excited. The motor then is equivalent to a transformer with its secondary short- 
circuited. The equivalent circuit is shown in Fig. 9.1 1a, where Rj main and X1,main are, 
respectively, the resistance and leakage reactance of the main winding, Xm,main 1S the 
magnetizing reactance, and R2 main and X2,main are the standstill values of the rotor 
resistance and leakage reactance referred to the main stator winding by use of the 
appropriate turns ratio. Core loss, which is omitted here, will be accounted for later 
as if it were a rotational loss. The applied voltage is V, and the main-winding current 
is I maine The voltage Emain is the counter emf generated in the main winding by the 
stationary pulsating air-gap flux wave produced by the combined action of the stator 
and rotor currents. 

In accordance with the double-revolving-field concept of Section 9.1, the stator 
mmf can be resolved into half-amplitude forward and backward rotating fields. At 


! For an extensive treatment of single-phase motors, see, for example, C. B. Veinott, Fractional- and 
Subfractional-Horsepower Electric Motors, McGraw-Hill, New York, 1970. 
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Figure 9.11 Equivalent circuits for a single-phase induction motor: (a) rotor blocked; 
(b) rotor blocked, showing effects of forward and backward fields; (c) running 
conditions. 


standstill the amplitudes of the forward and backward resultant air-gap flux waves 
both equal half the amplitude of the pulsating field. In Fig. 9.11b the portion of the 
equivalent circuit representing the effects of the air-gap flux is split into two equal 
portions, representing the effects of the forward and backward fields, respectively. 

Now consider conditions after the motor has been brought up to speed by some 
auxiliary means and is running on only its main winding in the direction of the 
forward field at a per-unit slip s. The rotor currents induced by the forward field are 
of slip frequency sf., where f. is the stator applied electrical frequency. Just as in 
any polyphase motor with a symmetric polyphase or squirrel-cage rotor, these rotor 
currents produce an mmf wave traveling forward at slip speed with respect to the 
rotor and therefore at synchronous speed with respect to the stator. The resultant of 
the forward waves of stator and rotor mmf creates a resultant forward wave of air-gap 
flux, which generates a counter emf E main,f In the main winding of the stator. The 
reflected effect of the rotor as viewed from the stator is like that in a polyphase motor 
and can be represented by an impedance 0.5R>2 main/S + j0.5X2,main In parallel with 
J0.5Xm.main aS in the portion of the equivalent circuit of Fig. 9.1 1c labeled ‘f’. The 
factors of 0.5 come from the resolution of the pulsating stator mmf into forward and 
backward components. 

Now consider conditions with respect to the backward field. The rotor is still 
turning at a slip s with respect to the forward field, and its per-unit speed n in the 
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direction of the forward field is n = 1 — s. The relative speed of the rotor with respect 
to the backward field is 1 +7, or its slip with respect to the backward field is 1+” = 
2 — s. The backward field then induces rotor currents whose frequency is (2 — s) fe. 
For small slips, these rotor currents are of almost twice stator frequency. 

At a small slip, an oscilloscope trace of rotor current will therefore show a 
high-frequency component from the backward field superposed on a low-frequency 
component from the forward field. As viewed from the stator, the rotor-mmf wave 
of the backward-field induced rotor current travels at synchronous speed but in the 
backward direction. The equivalent-circuit representing these internal reactions from 
the viewpoint of the stator is like that of a polyphase motor whose slip is 2 — s and 
is shown in the portion of the equivalent circuit (Fig. 9.11c) labeled ‘b’. As with 
the forward field, the factors of 0.5 come from the resolution of the pulsating stator 
mmf into forward and backward components. The voltage E main,b across the parallel 
combination representing the backward field is the counter emf generated in the main 
winding of the stator by the resultant backward field. 

By use of the equivalent circuit of Fig. 9.11c, the stator current, power input, and 
power factor can be computed for any assumed value of slip when the applied voltage 
and the motor impedances are known. To simplify the notation, let 


R main : : : . 
Ze=Ret+jXp= ( Fae + iXamin) in parallel with j Xm,main (9.4) 
AY 


and 


Z=R . 7 Rd main : : 7 P ; 
b=R+t+jXy= (= + iXain) in parallel with j Xi,main (9.5) 

The impedances representing the reactions of the forward and backward fields 
from the viewpoint of the single-phase main stator winding are 0.5Z; and 0.5Zp, 
respectively, in Fig. 9.11c. 

Examination of the equivalent circuit (Fig. 9.11c) confirms the conclusion, 
reached by qualitative reasoning in Section 9.1 (Fig. 9.2b), that the forward air- 
gap flux wave increases and the backward wave decreases when the rotor is set in 
motion. When the motor is running at a small slip, the reflected effect of the rotor 
resistance in the forward field, 0.5.R2,main/S, is much larger than its standstill value, 
while the corresponding effect in the backward field, 0.5R2,main/(2 — 5), is smaller. 
The forward-field impedance therefore is larger than its standstill value, while that 
of the backward field is smaller. The forward-field counter emf Poaave therefore 
is larger than its standstill value, while the backward-field counter emf End iS 
smaller; i.e., the forward air-gap flux wave increases, while the backward flux wave 
decreases. 

Mechanical power and torque can be computed by application of the torque and 
power relations developed for polyphase motors in Chapter 6. The torques produced 
by the forward and backward fields can each be treated in this manner. The interactions 
of the oppositely rotating flux and mmf waves cause torque pulsations at twice stator 
frequency but produce no average torque. 
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As in Eq. 6.25, the electromagnetic torque Tmain,¢ of the forward field in newton- 
meters equals 1/w, times the power Pyap,f in watts delivered by the stator winding to 
the forward field, where @, is the synchronous angular velocity in mechanical radians 
per second; thus 


1 
Tain, f = — Prap,f (9.6) 

Ws 
When the magnetizing impedance is treated as purely inductive, Paps is the power 
absorbed by the impedance 0.5 Z,; that is, 


Prop,t = 1°(0.5R¢) (9.7) 


where R; is the resistive component of the forward-field impedance defined in Eq. 9.4. 
Similarly, the internal torque Tmain,» of the backward field is 


1 
Tnain,b = m, | BaP-b (9.8) 


s 
where Pyap,p is the power delivered by the stator winding to the backward field, or 
Peap,b = 17(0.5Rp) (9.9) 


where Ry is the resistive component of the backward-field impedance Z, defined in 
Eq. 9.5. 

The torque of the backward field is in the opposite direction to that of the forward 
field, and therefore the net internal torque Tinech iS 


I 
Tmech = Train. oF Thain. = 3 Pea. = Pap) (9.10) 


Since the rotor currents produced by the two component air-gap fields are of 
different frequencies, the total rotor /*R loss is the numerical sum of the losses 
caused by each field. In general, as shown by comparison of Eqs. 6.17 and 6.19, the 
rotor /*R loss caused by a rotating field equals the slip of the field times the power 
absorbed from the stator. Thus 


Forward-field rotor 17R = 5 Peap, (9.11) 
Backward-field rotor /?R = (2 — 5) Poap.» (9.12) 
Total rotor /7R = 5 Pyap.t + (2 — 5) Paap. (9.13) 


Since power is torque times angular velocity and the angular velocity of the rotor 
is (1 — s)@,, using Eq. 9.10, the internal power Pmech converted to mechanical form, 
in watts, is 


Pech = Ch 8)@.Tmech = (1 — S)(Poap.t ame Poap.b) (9.14) 


As in the polyphase motor, the internal torque Tinech and internal power Pmech 
are not the output values because rotational losses remain to be accounted for. It is 
obviously correct to subtract friction and windage losses from Tmech OF Pmech and it 
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is usually assumed that core losses can be treated in the same manner. For the small 
changes in speed encountered in normal operation, the rotational losses are often 
assumed to be constant.* 
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A i -hp, 110-V, 60-Hz, four-pole, capacitor-start motor has the following equivalent circuit 
parameter values (in $2) and losses: 


Ri main = 2.02 X 1 main = 2.79 Ro main =4,12 
X>,main = 2.12 X m.main = 66.8 


Core loss = 24 W Friction and windage loss = 13 W 


For a slip of 0.05, determine the stator current, power factor, power output, speed, torque, and 
efficiency when this motor is running as a single-phase motor at rated voltage and frequency 
with its starting winding open. 


@ Solution 

The first step is to determine the values of the forward- and backward-field impedances at the 
assigned value of slip. The following relations, derived from Eq. 9.4, simplify the computations 
of the forward-field impedance Z;: 


x 2 . 1 x mai m,main 
R: a m,main X; _ 2, ain X 5 de R; 
Xx SQo main + 1/(S Q2,main) Xx SQ> main 
where 
Xx 


Xy = Xo main + X mmain and Q>, main = 


Ro main 


Substitution of numerical values gives, for s = 0.05, 
Z; = Rp + fX¢ = 31.9 + f40.3 Q 


Corresponding relations for the backward-field impedance Z, are obtained by substituting 
2 —s for s in these equations. When (2 — 5) Q> main 18 greater than 10, as is usually the case, 
less than | percent error results from use of the following approximate forms: 


2 
R main X m,main Xx main xX m,main R 
R, = & ( ) x, = XzinXn, b 


2—-s Xn Xx (2 — 5) Q> main 
Substitution of numerical values gives, for s = 0.05, 


Zp = Ry + jfXp = 1.98 + j2.122 


? For a treatment of the experimental determination of motor constants and losses, see Veinott, op. cit., 
Chapter 18. 
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Addition of the series elements in the equivalent circuit of Fig. 9.11c¢ gives 
Ri main + J Xj main = 2-02 + 72.79 
O.5( Re + fX:) = 15.95 + 720.15 
0.5(R, + jXp) = 0.99 + 71.06 
Total Input Z = 18.96 + j24.00 = 30.6 251.7° 


V 110 
tat ti=— = — =35 
Stator curren = S06 9A 


Power factor = cos (51.7°) = 0.620 


Power input = P,, = V/ x power factor = 110 x 3.59 x 0.620 = 244 W 


The power absorbed by the forward field (Eq. 9.7) is 

Pry ¢ = 1°(0.5R;) = 3.59 x 15.95 = 206 W 
The power absorbed by the backward field (Eq. 9.9) is 

Pray p = 1°(0.5R,) = 3.597 x 0.99 = 12.8 W 
The internal mechanical power (Eq. 9.14) is 


Prech = (1 — $)(Poap.t — Peap.b) = 0.95(206 — 13) = 184 W 


Assuming that the core loss can be combined with the friction and windage loss, the 
rotational loss becomes 24 + 13 = 37 W and the shaft output power is the difference. Thus 


Pyrat = 184 — 37 = 147 W = 0.197 hp 


From Eq. 4.40, the synchronous speed in rad/sec is given by 


2 2 
Ws = ( Je = @ 1202 = 188.5 rad/sec 
poles 4 


or in terms of r/min from Eq. 4.41 


120 120 
n, = fe = | —— } 60 = 1800 r/min 
poles 4 


Rotor speed = (1 — s)(synchronous speed) 


= 0.95 x 1800 = 1710 r/min 
and 
@m = 0.95 x 188.5 = 179 rad/sec 


The torque can be found from Eq. 9.14. 


Pasa 147 
Tyra is 79 0.821 N-m 
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and the efficiency is 


Prhatt 147 
a = — = 0.602 = 60.2% 
P, 244 : 


As a check on the power bookkeeping, compute the losses: 
P? Ri main = (3.59)? (2.02) = 26.0 
Forward-field rotor /?R (Eq. 9.11) = 0.05 x 206 = 10.3 
Backward-field rotor J? R (Eq. 9.12) = 1.95 x 12.8 = 25.0 


Rotational losses = 37.0 
98.3 W 


From P., — Pena, the total losses = 97 W which checks within accuracy of computations. 


Assume the motor of Example 9.2 to be operating at a slip of 0.065 and at rated voltage and 
frequency. Determine (a) the stator current and power factor and (b) the power output. 


Solution 


a. 4.0 A, power factor = 0.70 lagging 
b. 190 W 


Examination of the order of magnitude of the numerical values in Example 9.2 
suggests approximations which usually can be made. These approximations pertain 
particularly to the backward-field impedance. Note that the impedance 0.5(Rp + 
j Xp) is only about 5 percent of the total motor impedance for a slip near full load. 
Consequently, an approximation as large as 20 percent of this impedance would 
cause only about | percent error in the motor current. Although, strictly speaking, 
the backward-field impedance is a function of slip, very little error usually results 
from computing its value at any convenient slip in the normal running region, e.g., 
5 percent, and then assuming Rj, and Xp to be constants. 

Corresponding toa slightly greater approximation, the shunting effect of j Xin.main 
on the backward-field impedance can often be neglected, whence 
Sues j Kaman (9.15) 

= 
This equation gives values of the backward-field resistance that are a few percent 
high, as can be seen by comparison with the exact expression given in Example 9.2. 
Neglecting s in Eq. 9.15 would tend to give values of the backward-field resistance 
that would be too low, and therefore such an approximation would tend to counteract 
the error in Eq. 9.15. Consequently, for small slips 


RN 


Zp 


R main : 
Zp © =o + jXo main (9.16) 
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In a polyphase motor (Section 6.5), the maximum internal torque and the slip at 
which it occurs can easily be expressed in terms of the motor parameters; the maximum 
internal torque is independent of rotor resistance. No such simple expressions exist 
for a single-phase motor. The single-phase problem is much more involved because 
of the presence of the backward field, the effect of which is twofold: (1) it absorbs 
some of the applied voltage, thus reducing the voltage available for the forward field 
and decreasing the forward torque developed; and (2) the backward field produces 
negative torque, reducing the effective developed torque. Both of these effects depend 
on rotor resistance as well as leakage reactance. Consequently, unlike the polyphase 
motor, the maximum internal torque of a single-phase motor is influenced by rotor re- 
sistance; increasing the rotor resistance decreases the maximum torque and increases 
the slip at which maximum torque occurs. 

Principally because of the effects of the backward field, a single-phase induction 
motor is somewhat inferior to a polyphase motor using the same rotor and the same 
stator core. The single-phase motor has a lower maximum torque which occurs at a 
lower slip. For the same torque, the single-phase motor has a higher slip and greater 
losses, largely because of the backward-field rotor /*R loss. The volt-ampere input 
to the single-phase motor is greater, principally because of the power and reactive 
volt-amperes consumed by the backward field. The stator /?R loss also is somewhat 
higher in the single-phase motor, because one phase, rather than several, must carry all 
the current. Because of the greater losses, the efficiency is lower, and the temperature 
rise for the same torque is higher. A larger frame size must be used for a single-phase 
motor than for a polyphase motor of the same power and speed rating. Because of 
the larger frame size, the maximum torque can be made comparable with that of a 
physically smaller but equally rated polyphase motor. In spite of the larger frame 
size and the necessity for auxiliary starting arrangements, general-purpose single- 
phase motors in the standard fractional-kilowatt ratings cost approximately the same 
as correspondingly rated polyphase motors because of the much greater volume of 
production of the former. 


9.4 TWO-PHASE INDUCTION MOTORS 


As we have seen, most single-phase induction motors are actually constructed in the 
form of two-phase motors, with two stator windings in space quadrature. The main 
and auxiliary windings are typically quite different, with a different number of turns, 
wire size, and turns distribution. This difference, in combination with the capacitor 
that is typically used in series with the auxiliary winding, guarantees that the mmfs 
produced by the two winding currents will be quite unbalanced; at best they may 
be balanced at one specific operating point. We will thus discuss various analytical 
techniques for two-phase motors, both to expand our understanding and insight into 
machine performance and also to develop techniques for the analysis of single- and 
two-phase motors. 

Under balanced operating conditions, a symmetrical two-phase motor can be 
analyzed using techniques developed in Chapter 6 for three-phase motors, modified 
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only slightly to take into account the fact that there are two phases rather than three. 
In this section, we will first discuss one technique that can be used to analyze a 
symmetrical two-phase motor operating under unbalanced operating conditions. We 
will then formally derive an analytical model for an unsymmetrical two-phase motor 
that can be applied to the general case single-phase motors operating off both their 
main and auxiliary windings. 


9.4.1 Unbalanced Operation of Symmetrical 
Two-Phase Machines; The 
Symmetrical-Component Concept 


When operating from the main winding alone, the single-phase motor is the extreme 
case of a motor operating under unbalanced stator-current conditions. In some cases, 
unbalanced voltages or currents are produced in the supply network to a motor, 
e.g., when a line fuse is blown. In other cases, unbalanced voltages are produced 
by the starting impedances of single-phase motors, as described in Section 9.2. The 
purpose of this section is to develop the symmetrical-component theory of two-phase 
induction motors from the double-revolving-field concept and to show how the theory 
can be applied to a variety of problems involving induction motors having two stator 
windings in space quadrature. 

First consider in review what happens when balanced two-phase voltages are 
applied to the stator terminals of a two-phase machine having a uniform air gap, a 
symmetrical polyphase or cage rotor, and two identical stator windings @ and f in 
space quadrature. The stator currents are equal in magnitude and in time quadrature. 
When the current in winding q is at its instantaneous maximum, the current in winding 
B is zero and the stator-mmf wave is centered on the axis of winding a. Similarly, the 
stator-mmf wave is centered on the axis of winding f at the instant when the current 
in winding is at its instantaneous maximum. The stator-mmf wave therefore travels 
90 electrical degrees in space in a time interval corresponding to a 90° phase change 
of the applied voltage, with the direction of its travel depending on the phase sequence 
of the currents. A more complete analysis in the manner of Section 4.5 shows that the 
traveling wave has constant amplitude and constant angular velocity. This fact is, of 
course, the basis for the theory of the balanced operation of induction machines. 

The behavior of the motor for balanced two-phase applied voltages of either 
phase sequence can be readily determined. Thus, if the rotor is turning at a slip s in 
the direction from winding a toward winding §, the terminal impedance per phase 
is given by the equivalent circuit of Fig. 9.12a when the applied voltage Vz lags the 
applied voltage Vz, by 90°. Throughout the rest of this treatment, this phase sequence 
is called positive sequence and is designated by the subscript ‘f’ since positive- 
sequence currents result in a forward field. With the rotor running at the same speed 
and in the same direction, the terminal impedance per phase is given by the equivalent 
circuit of Fig. 9.12b when Vz leads V,, by 90°. This phase sequence is called negative 
sequence and is designated by subscript ‘b’, since negative-sequence currents produce 
a backward field. 
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(b) 


Figure 9.12 Single-phase equivalent circuits for a two-phase 
motor under unbalanced conditions: (a) forward field and 
(b) backward field. 


Suppose now that two balanced two-phase voltage sources of opposite phase 
sequence are connected in series and applied simultaneously to the motor, as indicated 
in Fig. 9.13a, where phasor voltages V; and j V; applied, respectively, to windings a 
and 6 form a balanced system of positive sequence, and phasor voltages VW, and — J] % 
form another balanced system but of negative sequence. 

The resultant voltage V, applied to winding @ is, as a phasor, 


Ve =e + (9.17) 
and that applied to winding £ is 
Ve =i: — JN (9.18) 


Fig. 9.13b shows a generalized phasor diagram in which the forward, or positive- 
sequence, system is given by the phasors vi and j Ag and the backward, or negative- 
sequence, system is given by the phasors VY, and — —jV,. The resultant voltages, given 
by the phasors V, and Vp are not, in general, either equal in magnitude or in time 


(a) (b) 


Figure 9.13 Synthesis of an unbalanced two-phase system from the sum of two 
balanced systems of opposite phase sequence. 
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quadrature. From this discussion we see that an unbalanced two-phase system of 
applied voltages V, and Vg can be synthesized by combining two balanced voltage 
sets of opposite phase sequence. 

The symmetrical-component systems are, however, much easier to work with than 
their unbalanced resultant system. Thus, it is easy to compute the component currents 
produced by each symmetrical-component system of applied voltages because the 
induction motor operates as a balanced two-phase motor for each component system. 
By superposition, the actual current in a winding then is the sum of its components. 
Thus, if /; and /, are, respectively, the positive- and negative-sequence component 
phasor currents in winding a, then the corresponding positive- and negative- sequence 
component phasor currents in winding B are, respectively, jl and —jl,, and the 
actual winding currents /, and /g are 


i, =f-+f, (9.19) 
fg =jlp-jlp (9.20) 


The inverse operation of finding the symmetrical components of specified volt- 
ages or currents must be performed often. Solution of Eqs. 9.17 and 9.18 for the 
phasor components V; and V; in terms of known phasor voltages V, and Vg gives 


r 1 « A 

% = 5a — i%p) (9.21) 
the» ak 

Y= 5 Va + jVpg) (9.22) 


These operations are illustrated in the phasor diagram of Fig. 9.14. Obviously, 
similar relations give the phasor symmetrical components /; and /, of the current in 
winding a in terms of specified phasor currents /,, and /, in the two phases; thus 


ix Liss i 
Pes Sa Jip) (9.23) 
a oe 
Py = 5a + jl) (9.24) 


+jVg 


Figure 9.14 Resolution of unbalanced two-phase 
voltages into symmetrical components. 
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The equivalent-circuit parameters of a 5-hp 220-V 60-Hz four-pole two-phase squirrel-cage 
induction motor in ohms per phase are 


R,=0.534 X,;=245 X,=701 RP, =0.956 X,=2.96 


This motor is operated from an unbalanced two-phase 60-Hz source whose phase voltages 
are, respectively, 230 and 210 V, the smaller voltage leading the larger by 80°. For a slip of 
0.05, find (a) the positive- and negative-sequence components of the applied voltages, (b) the 
positive- and negative-sequence components of the stator-phase currents, (c) the effective values 
of the phase currents, and (d) the internal mechanical power. 


# Solution 
We will solve this example using MATLAB.' 


a. Let V, and Vz denote the voltages applied to the two phases, respectively. Then 
V,, = 23020° = 230+ jOV 
Vz, = 210280° = 36.4 + j207 V 


From Egs. 9.21 and 9.22 the forward and backward components of voltages are, 
respectively, 


V, = 218.4 — j18.2 = 219.22 —4.8° V 
V, = 11.6 + j18.2 = 21.6257.5° V 


b. Because of the ease with which MATLAB handles complex numbers, there is no need to 
use approximations such as are derived in Example 9.2. Rather, the forward- and 
backward-field input impedances of the motor can be calculated from the equivalent 
circuits of Figs. 9.12a and b. Dividing the forward-field voltage by the forward-field input 
impedance gives 

V; 


We = 
"Ry + JX: +Z 


9.3 — j6.3 = 11.22 —34.2°A 


Similarly, dividing the backward-field voltage by the backward-field input 
impedance gives 
p v, 
i, = zs = 3.7—j1.5=4.02-21.9°A 
R,+ jX,+Z, 


c. The winding currents can be calculated from Eqs. 9.19 and 9.20 


fy = 1, +0, = 13.0 — j7.8 = 15.22 -31.0°A 


n> 


p= jl —jl, =484+ j5.6= 7.42491 A 


Note that the winding currents are much more unbalanced than the applied voltages. 
Even though the motor is not overloaded insofar as shaft load is concerned, the losses are 


t MATLAB is a registered trademark of The MathWorks, Inc. 
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appreciably increased by the current unbalance, and the stator winding with the greatest 
current may overheat. 

The power delivered across the air gap by the forward field is equal to the forward-field 
equivalent-circuit input power minus the corresponding stator loss 


Props = 2(Re[Vef;] — 17R,) = 4149 W 


where the factor of 2 accounts for the fact that this is a two-phase motor. Similarly, the 
power delivered to the backward field is 


Pray) = 2(Re[V,F,] — 17 Ri) = 14.5 W 


Here, the symbol Re[ J indicates the real part of a complex number, and the superscript * 
indicates the complex conjugate. 

Finally, from Eq. 9.14, the internal mechanical power developed is equal to (1 — s) 
times the total air-gap power or 


Prrech = da a S)( Pray t = Prap.b) = 3927 WwW 


If the core losses, friction and windage, and stray load losses are known, the shaft 
output can be found by subtracting them from the internal power. The friction and 
windage losses depend solely on the speed and are the same as they would be for balanced 
operation at the same speed. The core and stray load losses, however, are somewhat 
greater than they would be for balanced operation with the same positive-sequence 
voltage and current. The increase is caused principally by the (2 — s)-frequency core and 
stray losses in the rotor caused by the backward field. 


Here is the MATLAB script: 


cle 


clear 


% Useful constants 


£ 


= 60; %60 Hz system 


omega = 2*pi*f; 


Ss 


2 


= 0.05; % slip 


Parameters 


= 0.534; 
2.45; 
= 70.1; 
0.956; 
= 2 916% 


% Winding voltages 


Vaipha = 230; 
Vbeta = 210 * exp(j*80*pi/180) ; 


$(a) Calculate Vf and Vb from Equations and 9-21 and 9-22 


vt 
Vb 


= 0.5*(Valpha - j*Vbeta); 
= 0.5*(Valpha + j*Vbeta); 
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magVf = abs(Vf); 
anglevf = angle(Vf) *180/pi; 


MagVb = abs(Vb); 

angleVb = angle(Vb)*180/pi; 

forintf(’\n(a)’) 

fprintf(’\n V£ = %.1f + j %.1£ = %.1f£ at angle %.1f£ degrees V’, 
real (Vf),imag(Vf),magVf,angleVf); 

fprintf(’\n Vb = %.1f + j %.1f = %.1f at angle %.1f degrees V\n’, 
real (Vb) ,imag(Vb) ,magVb, angleVb) ; 


$(b) First calculate the forward-field input impedance of the motor from 
% the equivalent circuit of Fig. 9-12(a). 


Zforward = Rl + j*X1 + j*Xm* (R2/S+j*X2)/(R2/s+j* (X2+Xm)); 
$Now calculate the forward-field current. 

If = Vf£/Zforward; 

magIf = abs(If); 

angleIf = angle(If)*180/pi; 


% Next calculate the backward-field input impedance of the motor from 
% Fig. 9-12(b). 


Zback = Rl + j*X1 + j*Xm*(R2/ (2-s)+j*X2) /(R2/(2-s)+j* (X2+Xm) ); 
%Now calculate the backward-field current. 
Ib = Vb/Zback; 


magIb = abs(Ib); 
angleIb = angle(Ib)*180/pi; 


fprintf(’\n(b)’) 

fprintf(’\n If = %8.1£ + j %.1f = %.1f£ at angle %.1f£ degrees A’, 
real (If),imag(If),magIf,angleIf); 

fprintf(’\n Ib = %8.1f + j %.1f = %.1f at angle %.1f degrees A\n’, 
real (Ib) ,imag(Ib),magIb,angleIb); 


%{c) Calculate the winding currents from Eqs. 9-19 and 9-20 
Ialpha = If + Ib; 
Ibeta = j* (If - Ib); 


maglalpha = abs(Ialpha); 
angleIalpha = angle(Ialpha) *180/pi; 


magIbeta = abs(Ibeta); 
angleIbeta = angle(Ibeta)*180/pi; 


fprintf(’\n(c)’) 

fprintf(’\n Ialpha = %.1f + j %.1f = %.1f at angle %.1f degrees A’, ... 
real (Ialpha),imag(Ialpha) ,magIalpha,anglelIalpha) ; 

fprintf(’\n Ibeta=%.1f + j %@.1f = %.1f at angle %.1f degrees A\n’,... 
real (Ibeta),imag(Ibeta) ,magIbeta,angleIbeta); 
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%(d} Power delivered to the forward field is equal to the 

% forward-field input power less the stator-winding I*2R loss 
Pgf = 2*(real(Vf*conj(if)) - Ri*magIf*2); 

% Power delivered to the backward field is equal to the 

% backward-field input power less the stator-winding 172R loss 
Pgb = 2* (real (Vb*conj(Ib)) - Rl*magib*2); 


The electromagnetic power is equal to (1-s) times the 


g 
% net air-gap power 
Pmech = (1-s)*(Pgf - Pgb); 


fprintf(’\n(a)’) 

fprintf(’\n Power to forward field = %.1f W’,Pgf) 
fprintf(’\n Power to backward field = %.1f W’,Pgb) 
fprintf(’\n Pmech = %.1f W\n’,Pmech) 

fprintf(’\n’) 


For the motor of Example 9.3, use MATLAB to produce a plot of the internal mechanical power 
as a function of slip as the slip varies from s = 0.04 to s = 0.05 for the unbalanced voltages 
assumed in the example. On the same axes (using dashed lines), plot the internal mechanical 
power for balanced two-phase voltages of 220-V magnitude and 90° phase shift. 


Solution 


4000 


3900 


3800 


Dashed line: balanced voltages 


Solid line: unbalanced voltages 


3400 


3300 


n ‘ H 1 1 ! 
0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 
slip 


Figure 9.15 MATLAB plot for Practice Problem 9.3. 


477 


| Practice Problem 9.3 | Problem 9.3 


478 CHAPTER 9  Single- and Two-Phase Motors 


9.4.2 The General Case: Unsymmetrical Two-Phase 
Induction Machines 


As we have discussed, a single-phase induction motor with a main and auxiliary 
winding is an example of an unsymmetrical two-phase induction motor. In this section 
we will develop a model for such a two-phase motor, using notation appropriate to the 
single-phase motor. We will assume, as is commonly the case, that the windings are 
in space quadrature but that they are unsymmetrical in that they may have a different 
number of turns, a different winding distribution, and so on. 

Our analytical approach is to represent the rotor by an equivalent two-phase 
winding as shown in schematic form in Fig. 9.16 and to start with flux-linkage/current 
relationships for the rotor and stator of the form 


Amain Lmain 0 Lmain,rt (Ome) Lmain,r2 (Ome) kmain 
Aaux & 0 Laux Laux,rl (Ome) Leaux,r2(Ome) iaux 
Art 7 L main! (Ome) Laux.rl (Ome) L, 0 ir] 
Ar Lrmains2(Ome)  Laux.r2(Ome) 0 L, in 

(9.25) 


where Ome is the rotor angle measured in electrical radians, 


Lmain = Self-inductance of the main winding 


main 


Rotor 


Stator 


Figure 9.16 Schematic representation of 
a two-phase induction motor with an equivalent 
two-phase rotor. 
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Laux = Self-inductance of the auxiliary winding 
L, = Self-inductance of the equivalent rotor windings 


Lmain,ri (@me) = Mutual inductance between the main winding and equivalent 
rotor winding 1 


Le main.r2(Ome) = Mutual inductance between the main winding and equivalent 
rotor winding 2 


Laux.ri (Ome) = Mutual inductance between the auxiliary winding and rotor 
winding 1 

Laux.r2(Ome) = Mutual inductance between the auxiliary winding and rotor 
winding 2 


Assuming a sinusoidal distribution of air-gap flux, the mutual inductances be- 
tween the main winding and the rotor will be of the form 


Lait (Ome) = Lain, COS Ome (9.26) 
and 
emain,2 (Ome) = —L main, sin Ome (9.27) 


where Lain, is the amplitude of the mutual inductance. 

The mutual inductances between the auxiliary winding will be of the same form 
with the exception that the auxiliary winding is displaced by 90 electrical degrees in 
space from the main winding. Hence we can write 


Laux, (Ome) = Laux,r SiN Ome (9.28) 
and 
Loux,22 (Ome) = Laux,t COS Ome (9.29) 


Note that the auxiliary winding will typically have a different number of turns 
(and perhaps a different winding distribution) from that of the main winding. Thus, 
for modeling purposes, it is often convenient to write 


Laux,r = Lmain,r (9.30) 
where 


: Effective turns of auxiliary winding 
a = Turns ratio = 


9.31 
Effective turns of main winding Kee) 


Similarly, if we write the self-inductance of the magnetizing branch as the sum of a 
leakage inductance Lmain,, and a magnetizing inductance Lm 


Lmain = Lmain,! + Lm (9.32) 
then the self-inductance of the auxiliary winding can be written in the form 


Laux = Laux,1 + a’ Lm (9.33) 
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The voltage equations for this machine can be written in terms of the winding 
currents and flux linkages as 


Vain = tmainRmain + Asin (9.34) 
dt 
Vaux = daux aux + Braun (9.35) 
dt 
eee (9.36) 
dt 
v2 = 0 = ink + on (9.37) 


where Rymain, Raux and R, are the resistances of the main, auxiliary, and rotor windings, 
respectively. Note that the rotor-winding voltages are set equal to zero because the 
rotor windings of an induction motor are internally shorted. 

When modeling a split-phase induction motor (Section 9.2.1) the main and aux- 
iliary windings are simply connected in parallel, and thus vmain and vayx are both set 
equal to the single-phase supply voltage when the motor is started. Following the 
time that the auxiliary winding is disconnected, the auxiliary-winding current is zero, 
and the motor is represented by a reduced-order model which includes only the main 
winding and the two equivalent rotor windings. 

When modeling the various capacitor motors of Section 9.2.2, the circuit equa- 
tions must take into account the fact that, while the main winding is connected di- 
rectly to the single-phase supply, a capacitor is connected between the supply and the 
auxiliary-winding terminals. Depending upon the type of motor being modeled, the 
auxiliary winding may or may not be switched out as the motor comes up to speed. 

Finally, the techniques of Section 3.5 can be used to show that the electro- 
magnetic torque of this motor can be written as 

dL main,r1 (Ome) . dL main,r2 (Ome) 


Tmech = imaintrt + imaintr2 


dn dO 


d Laux.ri (Ome) eg : d Laux ,12(Ome) 


+ dauxtrt lauxlr2 
dO n dO 


_ {poles 
- 2 
+ Laux Cauxtrt COS Ome — lauxtr2 SIN Ome) ] (9.38) 


) [—Lmain,r (imaintr sin Ome + imaintr2 cos Ome) 


where 6, = (2/poles)@me is the rotor angle in radians. 

Analogous to the development of the equivalent circuits derived in Chapter 6 for 
polyphase induction machines and earlier in this chapter for single-phase machines, 
the equations derived in this section can be further developed by assuming steady-state 
operation, with constant mechanical speed wme, corresponding to aslip s, and constant 
electrical supply frequency w,. Consistent with this assumption the rotor currents 
will be at frequencies w, = We — @me = SWe (produced by the stator positive-sequence 
field) and w, = we + &me = (2 ~S)@e (produced by the stator negative-sequence field). 
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After considerable algebraic manipulation, which includes using Eqs. 9.36 and 9.37 
to eliminate the rotor currents, the main- and auxiliary-winding flux-linkage/current 
relationships of Eq. 9.25 can be written as phasor equations 


A 


a a+ — aA 
Amain = [Lmain — ae (Kk at K “yf main + Emain,rLaux,r(K at )T aux 


(9.39) 
and 
Laux = —Lmoin,Laux,(R” — RP main + [Laux — JLex(R™ +R )| faux (9.40) 
where 
ae SWe 
~ 2(R, + jsweLy) oe 
and 
pt _ eS S)We (9.42) 
2(R, + j (2 — s)weLy) 
Similarly, the voltage equations, Eqs. 9.34 and 9.35 become 
Venain = PmainRmain + f@cAmain (9.43) 
Vaux = Faux Raux + J@eAaux (9.44) 


The rotor currents will each consist of positive- and negative-sequence compo- 
nents. The complex amplitudes of the positive sequence components (at frequency 
S@e) are given by 


ea = J sel Devel mata + pons on 


= 9.45 
" 2(R, + jswxLs) fon 

and 
ii=-jt) (9.46) 


while the complex amplitudes of the negative sequence components (at frequency 
(2 — s)@e) are given by 


a= —j(2- Lmain See =, j Laux as 
Le = T¢ S)wel y J ’ ] (9.47) 
2(R, + j(2 — s)@eLy) 
and 
i,=il, (9.48) 


Finally, again after careful algebraic manipulation, the time-averaged electro- 
magnetic torque can be shown to be given by 


poles ak rc 2 
<Tech> = (=) Re hoe Rie deer 2  Bpietiee es ie 1 @ 4 —K ) 


f 3% 5 s > Sod pore 
+ JE main, Laux, main! aux =a Léced CR + K )*] (9.49) 
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where the symbol Re[ ] again indicates the real part of a complex number and the 
superscript * indicates the complex conjugate. Note that Eq. 9.49 is derived based 
upon the assumption that the various currents are expressed as rms quantities. 


| EXAMPLE 9.4 | 9.4 


Consider the case of a symmetrical two-phase motor such as is discussed in Section 9.4.1. In this 
case, Eqs. 9.25 through 9.37 simplify with equal self and mutual inductances and resistances 
for the two windings. Using the notation of Section 9.4.1, ‘a’ and ‘B’ replacing ‘main’ and 
‘aux’, the flux-linkage/current relationships of Eq. 9.39 and 9.40 become 


Re [ta -jL2(K +k +02 Rk -K i, 


hp 


—L? (R° —~R)hg + [La - jL2,(R° +R fs 
and the voltage equations (Eqs. 9.43 and 9.44) become 

Vi. = 1.Ra+ jWeda 

CSR jos 


Show that when operated from a positive sequence set of voltages such that V; =f Vs 
the single-phase equivalent circuit is that of the forward-field (positive-sequence) equivalent 
circuit of Fig. 9.12a. 


@ Solution 
Substitution of the positive-sequence voltages in the above equations and solution for the 
impedance Z, = V,/f4 gives 


(@eLar)? 
(R,/s + j@_L;) 


2 


xX 
= Rk, + jX,+ ——* 
Jeo (R]s + 7X) 


Za = Ry t+ j@eba t+ 


This equation can be rewritten as 


IXaclj(X, =< X ar) + R,/s] 


Za = Ra + i(Xq — Xor) + : 
: (R,/s + JX.) 


Setting Ry > Ri, (Xq — Xar) > X1, Xar => Xm (X, — Xx) => Xr, and R, > Ro, we see 
that this equation does indeed represent an equivalent circuit of the form of Fig. 9.1 2a. 


Practice Problem 9.4 


Analogous to the calculation of Example 9.4, show that when operated from a negative sequence 
set of voltages such that Vs = jV,, the single-phase equivalent circuit is that of the backward- 
field (negative-sequence) equivalent circuit of Fig. 9.12b. 
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Solution 
Under negative-sequence conditions, the impedance Z, is equal to 
(@Lar)” 
(R,/(2 — s) + joel) 
x2 
(R,/(2 — 8) + J Xr) 


Za =, R, + job, = 


= R,+ jXgt 


As in Example 9.4, this can be shown to correspond to an equivalent circuit of the form of 
Fig. 9.12b. 


es EXAMPLE 9.5 | 


A two-pole, single-phase induction motor has the following parameters 


Linain = 80.6 mH Rmain = 0.58 Q 
Laux = 196 mH Rax = 3.37 Q 
L, = 4.7 wH R, = 37.6 wQ 
Laine = 0.588 mH Lax. = 9.909 mH 


It is operated from a single-phase, 230-V rms, 60-Hz source as a permanent-split-capacitor 
motor with a 35 y.F capacitor connected in series with the auxiliary winding. In order to achieve 
the required phase shift of the auxiliary-winding current, the windings must be connected with 
the polarities shown in Fig. 9.17. The motor has a rotational losses of 40 W and 105 W of 
core loss. 

Consider motor operation at 3500 r/min. 


a. Find the main-winding, auxiliary-winding and source currents and the magnitude of the 
capacitor voltage. 
b. Find the time-averaged electromagnetic torque and shaft output power. 


. Main : 
\ i 
winding mait 


ini 7 


—— > 
] Auxiliary 
au 
winding 


Figure 9.17 Permanent-split-capacitor induction-motor 
connections for Example 9.5. 
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c. Calculate the motor input power and its electrical efficiency. Note that since core loss isn’t 
explicitly accounted for in the model derived in this section, you may simply consider it as 
an additional component of the input power. 

d. Plot the motor time-averaged electromagnetic torque as a function of speed from standstill 
to synchronous speed. 


#@ Solution 
MATLAB, with its ease of handling complex numbers, is ideal for the solution of this problem. 


a. The main winding of this motor is directly connected to the single-phase source. Thus we 
directly set Ves = V.. However, the auxiliary winding is connected to the single-phase 
source through a capacitor and its polarity is reversed. Thus we must write 


Vaux +E % = -V, 


where the capacitor voltage is given by 


a 


Ve = ae X¢ 
Here the capacitor impedance X¢ is equal to 


l l 


— = -—75.8Q2 
(@,C) (120% x 35 x 10-$) 


Xc= 


Setting V, = Vo = 230 V and substituting these expressions into Eqs. 9.43 and 9.44 
and using Eqs. 9.39 and 9.40 then gives the following matrix equation for the main- and 
auxiliary-winding currents. 


(Rian + f@eA;) joeA, fe Vo 
—jorky (Run + jXo+ as | Ix | ~ i 
where 
Ay = Lyain — fL2 gg (RK +R) 
A, = Leaetbucke oe K ) 
and 


Ay = La, —jL?, (K' +R ) 


aux,.r 


The parameters RK’ and K can be found from Eqs. 9.41 and 9.42 once the slip is 
found using Eq. 6.1 


no—n 3600 — 3500 
S — == 


= = 0.278 
ny 3600 


This matrix equation can be readily solved using MATLAB with the result 


a 


I main = 15.92 —37.6° A 


a 


Ty = 5.202 —150.7° A 


c. 


d. 
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and 
P, = 18.52 —22.7° A 
The magnitude of the capacitor voltage is 


[Vol = |PaueXc] =374V 


. Using MATLAB the time-averaged electromagnetic torque can be found from Eq. 9.49 


to be 

<Tnech> =9.74N-m 
The shaft power can then be found by subtracting the rotational losses P,, from the 
ail-gap power 


Prhatt = @m< Tnech > 3 Prot 


poles 


2 
= ( Ja + $)@e(<Trech >) —¥ Prot 
= 3532 W 


The power input to the main winding can be found as 


* 


Prin = Re [Vol rain] = 2893 W 


and that into the auxiliary winding, including the capacitor (which dissipates no power) 
Payx = Re[ — Vol i,,] = 1043 W 
The total input power, including the core loss power Peore is found as 
Pin = Pmain + Paux + Peore = 4041 W 


Finally, the efficiency can be determined 


Prpate 
n= == 0.874 = 87.4% 
P, 


The plot of <Trech> versus speed generated by MATLAB is found in Fig. 9.18. 


Here is the MATLAB script: 


cle 


clear 


% 


vo 


Source parameters 


= 230; 


omegae = 120*pi; 


% 


Motor parameters 


poles = 2; 
Lmain = .0806; 
Rmain = 0.58; 
Laux = 0.196; 
Raux = 3.37; 


Lr 


= 4,7e-6; 
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<Tmech> [N-m] 


4 1 1 1 1 4 1 
0 500 4000 1500 2000 2500 3000 3500 4000 
speed [r/min] 


Figure 9.18 Time-averaged electromagnetic torque versus speed for the 
single-phase induction motor of Example 9.5. 


Rr = 37.6e-6; 
Lmainr = 5.88e-4; 
Lauxr = 9.09e-4; 


C = 35e-6; 
Xc = -1/(omegae*C) ; 
Prot = 40; 


Pcore = 105; 


% Run through program twice. If calcswitch = 1, then 
% calculate at speed of 3500 r/min only. The second time 
% program will produce the plot for part (da). 


for calcswitch = 1:2 


if calcswitch == 1 
mmax = 1; 
else 


mmax = 101; 
end 


for m = 1:mmax 


if calcswitch == 1 


I 
WwW 
coal 
oO 
oO 


speed (m) 
else 


speed (m) 3599* (m-1)/100; 


end 


% Calcu 
ns = (2 
s = (ns 


% part 
% Calcu 
Kplus = 


Kminus 
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late the slip 
/poles) *3600; 
-speed(m))/ns; 


(a) 

late the various complex constants 
s*omegae/(2* (Rr + j3*s*omegae*Lr)); 

= (2-s)*omegae/(2*(Rr + 3*(2~s) *omegae*Lr)); 


Al = Lmain - j*Lmainr*2* (Kplus+Kminus) ; 


A2 = Lmainr*Lauxr* (Kplus-Kminus) ; 


A3 = La 


% Set u 
M(1,1) 


% Here 

Vv = [vo 
% Now f£ 
I = M\V 


Imain = 
Taux = 


Is = Im 


magimai 
angleIm 
maglaux 


ux - j*Lauxr*2* (Kolus+Kminus) ; 


p the matrix 


Rmain + j*omegae*Al; 


j*omegae*A2; 


~j*omegae*A2; 


I 


Raux + j*Xc+ j*omegae*A3; 


is the voltage vector 
; -V0l; 

ind the current matrix 
I(1); 

I(2); 

ain-Iaux; 

n = abs(Imain); 


ain = angle({Imain)*180/pi; 
= abs(Iaux); 


anglelaux = angle(Iaux) *180/pi; 


magis = 
angleIs 


$Capaci 
Veap = 
magVcap 


% part 
Tmechl 
Tmech1 
Tmech2 
Tmech2 


Tmech (m 


Pshaft 


Spart ( 
Pmain = 


Paux = 


abs(Is); 

= angle({Is)*180/pi; 
tor voltage 
Taux*Xc; 

= abs(Vcap); 

(b) 

= conj (Kplus-Kminus) ; 


= Tmech1* (Lmainr*2*Imain*conj (Imain) +Lauxr*2*Taux*conj (Iaux)); 


= j*Lmainr*Lauxr*conj (Kplus+Kminus) ; 

= Tmech2* (conj (Imain) *Iaux-Imain*conj (Iaux)); 
) = (poles/2)*real (Tmechl+Tmech2) ; 

= (2/poles)*(1-s) *omegae*Tmech (m)~Prot; 


c) 
real (V0*conj (Imain)); 
real (-V0*conj (Iaux)); 
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Pin = Pmain+Paux+Pcore; 


Pshaft/Pin; 


eta 


if calcswitch == 1 
fprintf(’part (a):’) 
fprintf(’\n Imain = %g A at angle %g degrees’ ,magImain, angleImain) 
fprintf(’\n TIaux = 3g A at angle %g degrees’ ,magIaux, anglelIaux) 
fprintf(’\n Is = %g A at angle %g degrees’ ,magIs,anglelIs) 
fprintf(’\n Vcap = %g V\n’,magVcap) 
fprintf(’\npart (b):’) 
fprintf(’\n Tmech = %g N-m’,Tmech) 
fprintf(’\n Pshaft = %g W\n’,Pshaft) 
fprintf(’\npart (c):’) 
fprintf(’\n Pmain = %g W’,Pmain) 
fprintf(’\n Paux = %g W’, Paux) 
fprintf(’\n Pin = %g W’,Pin) 
fprintf(’\n eta = %g percent\n\n’,100*eta) 
else 
plot (speed, Tmech) 
xlabel(’speed [r/min]’) 
ylabel('<Tmech> [N-m]’) 


end 


end tend of for m loop 


end end of for calcswitch loop 


| Practice Problem 9.5 | Problem 9.5 


(a) Calculate the efficiency of the single-phase induction motor of Example 9.5 operating at a 
speed of 3475 r/min. (b) Search over the range of capacitor values from 25 uF to 45 uF to find 
the capacitor value which will give the maximum efficiency at this speed and the corresponding 
efficiency. 


Solution 


a. 86.4% 
b. 41.8 WF, 86.6% 


9.5 SUMMARY 


One theme of this chapter is a continuation of the induction-machine theory of Chap- 
ter 6 and its application to the single-phase induction motor. This theory is expanded 
by a step-by-step reasoning process from the simple revol ving-field theory of the sym- 
metrical polyphase induction motor. The basic concept is the resolution of the stator- 
mmf wave into two constant-amplitude traveling waves revolving around the air gap 
at synchronous speed in opposite directions. If the slip for the forward field is s, 


9.6 Problems 


then that for the backward field is (2 — s). Each of these component fields produces 
induction-motor action, just as in a symmetrical polyphase motor. From the view- 
point of the stator, the reflected effects of the rotor can be visualized and expressed 
quantitatively in terms of simple equivalent circuits. The ease with which the internal 
reactions can be accounted for in this manner is the essential reason for the usefulness 
of the double-revolving-field theory. 

For a single-phase winding, the forward- and backward-component mmf waves 
are equal, and their amplitude is half the maximum value of the peak of the stationary 
pulsating mmf produced by the winding. The resolution of the stator mmf into its 
forward and backward components then leads to the physical concept of the single- 
phase motor described in Section 9.1 and finally to the quantitative theory developed 
in Section 9.3 and to the equivalent circuits of Fig. 9.11. 

In most cases, single-phase induction motors are actually two-phase motors with 
unsymmetrical windings operated off of a single phase source. Thus to complete 
our understanding of single-phase induction motors, it is necessary to examine the 
performance of two-phase motors. Hence, the next step is the application of the 
double-revolving-field picture to a symmetrical two-phase motor with unbalanced 
applied voltages, as in Section 9.4.1. This investigation leads to the symmetrical- 
component concept, whereby an unbalanced two-phase system of currents or volt- 
ages can be resolved into the sum of two balanced two-phase component systems 
of opposite phase sequence. Resolution of the currents into symmetrical-component 
systems is equivalent to resolving the stator-mmf wave into its forward and backward 
components, and therefore the internal reactions of the rotor for each symmetrical- 
component system are the same as those which we have already investigated. A very 
similar reasoning process, not considered here, leads to the well-known three-phase 
symmetrical-component method for treating problems involving unbalanced opera- 
tion of three-phase rotating machines. The ease with which the rotating machine can 
be analyzed in terms of revolving-field theory is the chief reason for the usefulness 
of the symmetrical-component method. 

Finally, the chapter ends in Section 9.4.2 with the development of an analytical 
theory for the general case of a two-phase induction motor with unsymmetrical wind- 
ings. This theory permits us to analyze the operation of single-phase motors running 
off both their main and auxiliary windings. 


9.6 PROBLEMS 


9.1 A 1-kW, 120-V, 60-Hz capacitor-start motor has the following parameters for 
the main and auxiliary windings (at starting): 
Zmain = 4.82 + 77.25 Q main winding 
Zax = 7.95 + j9.219 auxiliary winding 
a. Find the magnitude and the phase angles of the currents in the two 


windings when rated voltage is applied to the motor under starting 
conditions. 
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9.2 
9.3 


9.4 
9.5 


9.6 


9.7 


9.8 


9.9 


b. Find the value of starting capacitance that will place the main- and 
auxiliary-winding currents in time quadrature at starting. 

c. Repeat part (a) when the capacitance of part (b) is inserted in series with 
the auxiliary winding. 

Repeat Problem 9.1 if the motor is operated from a 120-V, 50-Hz source. 

Given the applied electrical frequency and the corresponding impedances 

Zmain aNd Zayx Of the main and auxiliary windings at starting, write a 

MATLAB script to calculate the value of the capacitance, which, when 

connected in series with the starting winding, will produce a starting winding 

current which will lead that of the main winding by 90°. 

Repeat Example 9.2 for slip of 0.045. 

A 500-W, four-pole, 115-V, 60-Hz single-phase induction motor has the 

following parameters (resistances and reactances in (2/phase): 


Ri main = 1.68 R2 main = 2.96 
Xj,main = 1.87 X m,main = 60.6 X2,main = 1.72 
Core loss = 38 W_ Friction and windage = 11.8 W 


Find the speed, stator current, torque, power output, and efficiency when the 

motor is operating at rated voltage and a slip of 4.2 percent. 

Write a MATLAB script to produce plots of the speed and efficiency of the 

single-phase motor of Problem 9.5 as a function of output power over the 

range 0 < Pow < 500 W. 

At standstill the rms currents in the main and auxiliary windings of a 

four-pole, capacitor-start induction motor are Jain = 20.7 A and 

Faux = 11.1 A respectively. The auxiliary-winding current leads the 

main-winding current by 53°. The effective turns per pole (i.e., the number of 

turns corrected for the effects of winding distribution) are Nmain = 42 and 

Naux = 68. The windings are in space quadrature. 

a. Determine the peak amplitudes of the forward and backward stator-mmf 
waves. 

b. Suppose it were possible to adjust the magnitude and phase of the 
auxiliary-winding current. What magnitude and phase would produce a 
purely forward mmf wave? 

Derive an expression in terms of Q2 main for the nonzero speed of a 

single-phase induction motor at which the internal torque is zero. (See 

Example 9.2.) 

The equivalent-circuit parameters of an 8-kW, 230-V, 60-Hz, four-pole, 

two-phase, squirrel-cage induction motor in ohms per phase are 


R; = 0.253) X,; =1.14 Xm =32.7 Ro =0.446 X72 = 1.30 


This motor is operated from an unbalanced two-phase, 60-Hz source 
whose phase voltages are, respectively, 223 and 190 V, the smaller voltage 
leading the larger by 73°. For a slip of 0.045, find 


a. the phase currents in each of the windings and 
b. the internal mechanical power. 


9.6 Problems 


9.10 Consider the two-phase motor of Example 9.3. 


9.11 


9.12 


9.13 


a. Find the starting torque for the conditions specified in the example. 

b. Compare the result of part (a) with the starting torque which the motor 
would produce if 220-V, balanced two-phase voltages were applied to 
the motor. 

c. Show that if the stator voltages V, and Vpera of a two-phase induction 
motor are in time quadrature but unequal in magnitude, the starting 
torque is the same as that developed when balanced two-phase voltages 
of magnitude ,/V,. Vz are applied. 

The induction motor of Problem 9.9 is supplied from an unbalanced two- 

phase source by a four-wire feeder having an impedance Z = 0.32 + 

J1.5 Q/phase. The source voltages can be expressed as 


V, = 23520° Vy = 212278° 


For a slip of 5 percent, show that the induction-motor terminal voltages 
correspond more nearly to a balanced two-phase set than do those of the 
source. 

The equivalent-circuit parameters in ohms per phase referred to the stator for 
a two-phase, 1.0 kW, 220-V, four-pole, 60-Hz, squirrel-cage induction motor 
are given below. The no-load rotational loss is 65 W. 


R, =0.78 Ro =4.2 X,;=X2=5.3 Xn =93 
a. The voltage applied to phase a is 220/0° V and that applied to phase 6 is 
2206S5° V. Find the net air-gap torque at a slip s = 0.035. 


b. What is the starting torque with the applied voltages of part (a)? 
The applied voltages are readjusted so that V, = 220/65° V and 
Vg = 220290° V. Full load on the machine occurs at s = 0.048. At what 
slip does maximum internal torque occur? What is the value of the 
maximum torque? 

d. While the motor is running as in part (c), phase 6 is open-circuited. What 
is the power output of the machine at a slip s = 0.04? 

e. What voltage appears across the open phase-6 terminals under the 
conditions of part (d)? 

A 120-V, 60-Hz, capacitor-run, two-pole, single-phase induction motor has 

the following parameters: 


Limain = 47.2 mH Rinain = 0.38 Q 
Laux = 102 mH Rayx = 1.78 Q 
L, = 2.35 wH R, = 17.2 u2 


Lmmain, = 0.342mMH — Laux = 0.530 mH 


You may assume that the motor has 48 W of core loss and 23 W of rotational 
losses. The motor windings are connected with the polarity shown in Fig. 9.17 
with a 40 wF run capacitor. 
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a. Calculate the motor starting torque. 

With the motor operating at a speed of 3490 r/min, calculate 
b. the main and auxiliary-winding currents, 

c. the total line current and the motor power factor, 

d. the output power and 

e. the electrical input power and the efficiency. 

Note that this problem is most easily solved using MATLAB. 

9.14 Consider the single-phase motor of Problem 9.13. Write a MATLAB script 
to search over the range of capacitor values from 25 F to 75 uF to find 
the value which will maximize the motor efficiency at a motor speed of 
3490 r/min. What is the corresponding maximum efficiency? 

w= 9.15 In order to raise the starting torque, the single-phase induction motor of 

Mi i Problem 9.13 is to be converted to a capacitor-start, capacitor-run motor. 
Write a MATLAB script to find the minimum value of starting capacitance 
required to raise the starting torque to 0.5 N- m. 

9.16 Consider the single-phase induction motor of Example 9.5 operating over the 
speed range 3350 r/min to 3580 r/min. 


a. Use MATLAB to plot the output power over the given speed range. 
b. Plot the efficiency of the motor over this speed range. 


c. On the same plot as that of part (b), plot the motor efficiency if the run 
capacitor is increased to 45 wF. 


CHAPTER 


Introduction to Power 
Electronics 


ployed primarily as single-speed devices. Typically they were operated from 

fixed-frequency sources (in most cases this was the 50- or 60-Hz power grid). 
In the case of motors, control of motor speed requires a variable-frequency source, 
and such sources were not readily available. Thus, applications requiring variable 
speed were serviced by dc machines, which can provide highly flexible speed con- 
trol, although at some cost since they are more complex, more expensive, and require 
more maintenance than their ac counterparts. 

The availability of solid-state power switches changed this picture immensely. 
It is now possible to build power electronics capable of supplying the variable- 
voltage/current, variable-frequency drive required to achieve variable-speed per- 
formance from ac machines. Ac machines have now replaced dc machines in 
many traditional applications, and a wide range of new applications have been 
developed. 

As is the case with electromechanics and electric machinery, power electronics 
is a discipline which can be mastered only through significant study. Many books 
have been written on this subject, a few of which are listed in the bibliography at the 
end of this chapter. It is clear that a single chapter in a book on electric machinery 
cannot begin to do justice to this topic. Thus our objectives here are limited. Our goal 
is to provide an overview of power electronics and to show how the basic building 
blocks can be assembled into drive systems for ac and de machines. We will not focus 
much attention on the detailed characteristics of particular devices or on the many 
details required to design practical drive systems. In Chapter 11, we will build on 
the discussion of this chapter to examine the characteristics of some common drive 
systems. 


| ntil the last few decades of the twentieth century, ac machines tended to be em- 
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10.1 POWER SWITCHES 


Common to all power-electronic systems are switching devices. Ideally, these devices 
control current much like valves control the flow of fluids: turn them “ON,” and they 
present no resistances to the flow of current; turn them “OFF,” and no current flow is 
possible. Of course, practical switches are not ideal, and their specific characteristics 
significantly affect their applicability in any given situation. Fortunately, the essen- 
tial performance of most power-electronic circuits can be understood assuming the 
switches to be ideal. This is the approach which we will adopt in this book. In this 
section we will briefly discuss some of the common switching devices and present 
simplified, idealized models for them. 


10.1.1 Diodes 


Diodes constitute the simplest of power switches. The general form of the v-i char- 
acteristics of a diode is shown in Fig. 10.1. 

The essential features of a diode are captured in the idealized v-i characteristic 
of Fig. 10.2a. The symbol used to represent a diode is shown in Fig. 10.2b along 
with the reference directions for the current i and voltage v. Based upon terminology 
developed when rectifier diodes were electron tubes, diode current flows into the 
anode and flows out of the cathode. 


Figure 10.1 v-i characteristic of a diode. 


Diode ON 
Anode Cathode 
i 
—- 
Diode OFF v ‘ts v oa 


{a) (b) 


Figure 10.2 (a) v-i characteristic of an ideal diode. 
(b) Diode symbol. 
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We can see that the ideal diode blocks current flow when the voltage is negative 
(i = O for v < 0) and passes positive current without voltage drop (v = 0 fori > 0). 
We will refer to the negative-voltage region as the diode’s OFF state and the positive- 
current region as the diode’s ON state. Comparison with the v-i characteristic shows 
that a practical diode varies from an ideal diode in that: 


H There is a finite forward voltage drop, |abeled Vg in Fig. 10.1, for positive 
current flow. For low-power devices, this voltage range is typically on the order 
of 0.6-0.7 V while for high-power devices it can exceed 3 V. 

M Corresponding to this voltage drop is a power dissipation. Practical diodes have 
a maximum power dissipation (and a corresponding maximum current) which 
must not be exceeded. 

mA practical diode is limited in the negative voltage it can withstand. Known 
as the reverse-breakdown voltage and labeled Vpg in Fig. 10.1, this is the 
maximum reverse voltage that can be applied to the diode before it starts to 
conduct reverse current. 


The diode is the simplest power switch in that it cannot be controlled; it simply 
turns ON when positive current begins to flow and turns OFF when the current attempts 
to reverse. In spite of this simple behavior, it is used in a wide variety of applications, 
the most common of which is as a rectifier to convert ac to de. 

The basic performance of a diode can be illustrated by the simple example shown 
in Example 10.1. 


es EXAMPLE 10.1 | 


Consider the half-wave rectifier circuit of Fig. 10.3a in which a resistor R is supplied by 
a voltage source v,(t) = Vo sinwt through a diode. Assume the diode to be ideal. (a) Find 
the resistor voltage vg(t) and current ig(t). (b) Find the dc average resistor voltage Vy, and 
current J,.. 


A 
Vo + UrR® 
| in() 
+ + 
v,(0) @ R S v(t) 
~ _ Q uN 2n74 wt 
/ \ / 
\ / 
\ / 
OM re 
XN 
NS ete ZB 7 
(a) (b) 


Figure 10.3 (a) Half-wave rectifier circuit for Example 10.1. (6) Resistor voltage. 
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@ Solution 

a. This is a nonlinear problem in that it is not possible to write an analytic expression for 
the v-i characteristic of the ideal diode. However, it can readily be solved using the 
method-of-assumed-states in which, for any given value of the source voltage, the diode is 
alternately assumed to be ON (a short-circuit) or OFF (an open-circuit) and the current is 
found. One of the two solutions will violate the v-i characteristic of the diode (i.e., there 
will be negative current flow through the short-circuit or positive voltage across the 
open-circuit) and must be discarded; the remaining solution will be the correct one. 

Following the above procedure, we find that the solution is given by 


u(t) = Vosinwt v,(t) > 0 
Ur(t) = { 
0 v;(t) < 0 


This voltage is plotted in Fig. 10.3b. The current is identical in form and is found simply 
as ip(t) = vg(t)/R. The terminology half-wave rectification is applied to this system 
because voltage is applied to the resistor during only the half cycle for which the supply 
voltage waveform is positive. 

b. The dc or average value of the voltage waveform is equal to 


V 
—_ al Vp sin (wt) dt = 2 
IT oe 


0 
and hence the de current through the resistor is equal to 


Vo 
ly = — 
: KR 


Practice Problem 10.1 


Calculate the average voltage across the resistor of Fig. 10.3 if the sinusoidal voltage source 
of Example 10.1 is replaced by a source of the same frequency but which produces a square 
wave of zero average value and peak-peak amplitude 2V. 


Solution 


10.1.2 Silicon Controlled Rectifiers and TRIACs 


The characteristics of a silicon controlled rectifier, or SCR, also referred to as a 
thyristor, are similar to those of a diode. However, in addition to an anode and a 
cathode, the SCR has a third terminal known as the gate. Figure 10.4 shows the form 
of the v-i characteristics of a typical SCR. 

As is the case with a diode, the SCR will turn ON only if the anode is positive 
with respect to the cathode. Unlike a diode, the SCR also requires a pulse of current 
ig into the gate to turn ON. Note however that once the SCR turns ON, the gate signal 
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ON state OFF state 
VeB f 
Ve Vip v 
Figure 10.4 v-i characteristic of an SCR. 
i 
Anode Cathode 
+e 
oe . 
. i tig 
(a) (b) 


Figure 10.5 (a) Idealized SCR v-i characteristic. 
(b) SCR symbol. 


can be removed and the SCR will remain ON until the SCR current drops below a 
small value referred to as the holding current, at which point it will turn OFF just as 
a diode does. 

As can be seen from Fig. 10.4, the ON-state characteristic of an SCR is similar to 
that of a diode, with a forward voltage drop Vp and a reverse-breakdown voltage Vas. 
When the SCR is OFF, it does not conduct current over its normal operating range 
of positive voltage. However it will conduct if this voltage exceeds a characteristic 
voltage, labeled Veg in the figure and known as the forward-breakdown voltage. As 
is the case for a diode, a practical SCR is limited in its current-carrying capability. 

For our purposes, we will simplify these characteristics and assume the SCR 
to have the idealized characteristics of Fig. 10.5a. Our idealized SCR appears as an 
open-circuit when it is OFF and a short-circuit when it is ON. It also has a holding 
current of zero; i.e., it will remain ON until the current drops to zero and attempts to 
go negative. The symbol used to represent an SCR is shown in Fig. 10.5b. 

Care must be taken in the design of gate-drive circuitry to insure that an SCR 
turns on properly; e.g., the gate pulse must inject enough charge to fully turn on the 
SCR, and so forth. Similarly, an additional circuit, typically referred to as a snubber 
circuit, may be required to protect an SCR from being turned on inadvertently, such as 
might occur if the rate of rise of the anode-to-cathode voltage is excessive. Although 
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these details must be properly accounted for to achieve successful SCR performance 
in practical circuits, they are not essential for the present discussion. 
The basic performance of an SCR can be understood from the following example. 


Consider the half-wave rectifier circuit of Fig. 10.6 in which a resistor R is supplied by a 
voltage source u,(t) = Vo sin wt through an SCR. Note that this is identical to the circuit of 
Example 10.1, with the exception that the diode has been replaced by an SCR. 

Assume that a pulse of gate current is applied to the SCR at time t& (0 < t < m/w) 
following each zero-crossing of the source voltage, as shown in Fig. 10.7a. It is common to 
describe this firing-delay time in terms of a firing-delay angle, a = wtp. Find the resistor 
voltage u(t) as a function of a». Assume the SCR to be ideal and that the gate pulses supply 
sufficient charge to properly turn ON the SCR. 


@ Solution 
The solution follows that of Example 10.1 with the exception that, independent of the polarity 
of the voltage across it, once the SCR turns OFF, it will remain OFF until both the SCR voltage 
becomes positive and a pulse of gate current is applied. Once a gate pulse has been applied, 
the method-of-assumed-states can be used to solve for the state of the SCR. 

Following the above procedure, we find the solution is given by 


0 u,(t) > 0 (prior to the gate pulse) 
Ug(t) = ¢ u(t) = Vsinwt v,(t)>O0 (following the gate pulse) 
0 v,(t) < 0 


This voltage is plotted in Fig. 10.7b. Note that this system produces a half-wave rectified 
voltage similar to that of the diode system of Example 10.1. However, in this case, the dc value 
of the rectified voltage can be controlled by controlling the timing of the gate pulse. Specifically, 
itis given by 


Vi 
Vic = — (1 + cos a) 
20 


Note that when there is no delay in firing the SCR (a = 0), this system produces a dc 
voltage of V)/z, equal to that of the diode rectifier system of Example 10.1. However, as the 
gate pulse of the SCR is delayed (i.e., by increasing a), the de voltage can be reduced. In 
fact, by delaying the gate pulse a full half cycle (vw) = m) the de voltage can be reduced to 


u.(t) R = ug(t) 


Figure 10.6 Half-wave SCR 
rectifier circuit for Example 10.2. 
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i. Gate pulses 
Vo 


(b) 
Figure 10.7 (a) Gate pulses for Example 10.2. (b) Resistor voltage. 
zero. This system is known as a phase-controlled rectifier because the dc output voltage can 


be varied by controlling the phase angle of the gate pulse relative to the zero crossing of the 
source voltage. 
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| Practice Problem 10.2 | Problem 10.2 


Calculate the resistor average voltage as a function of the delay angle @p if the sinusoidal source 
of Example 10.2 is replaced by a source of the same frequency, but which produces a square 
wave of zero average value and peak-peak amplitude 2Vo. 


Solution 


Vi (oy 
re 80-8) 


Example 10.2 shows that the SCR provides a significant advantage over the 
diode in systems where voltage control is desired. However, this advantage comes at 
the additional expense of the SCR as well as the circuitry required to produce the gate 
pulses used to fire the SCR. 
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ON state 


(a) (b) 


Figure 10.8 (a) Idealized TRIAC v-i characteristic. 
(b) TRIAC symbol. 


Another phase-controlled device is the TRIAC, which behaves much like two 
back-to-back SCRs sharing a common gate. The idealized v-i characteristic of a 
TRIAC is shown in Fig. 10.84 and its symbol in Fig. 10.8b. As with an SCR, TRIACs 
can be turned ON by the application of a pulse of current at their gate. Unlike an SCR, 
provided the current pulses inject sufficient charge, both positive and negative gate 
current pulses can be used to turn ON a TRIAC. 

The use of a TRIAC is illustrated in the following example. 


Consider the circuit of Fig. 10.9 in which the SCR of Example 10.2 has been replaced by a 
TRIAC. 

Assume again that a short gate pulse is applied to the SCR at a delay angle a (0 < ay < m) 
following each zero-crossing of the source voltage, as shown in Fig. 10.10a. Find the resistor 
voltage vp(t) and its rms value Vp ims aS a function of a». Assume the TRIAC to be ideal and 
that the gate pulses inject sufficient charge to properly turn it ON. 


@ Solution 
The solution to this example is similar to that of Example 10.2 with the exception that the 
TRIAC, which will permit current to flow in both directions, turns on each half cycle of the 
source-voltage waveform. 
nie (prior to the gate pulse) 
ae u,(t) = Vosinwt (following the gate pulse) 

Unlike the rectification of Example 10.2, in this case the resistor voltage, shown in 

Fig. 10.10b, has no dc component. However, its rms value varies with ao: 


Vacm = Vo (: i in ont) 
pail 
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v,(t) R ug(t) 


Figure 10.9 Circuit for 
Example 10.3. 


f Gate pulses 
u(t) 


(a) 


(b) 


Figure 10.10 (a) Gate pulses for Example 10.3. (b) Resistor voltage. 


Notice that when a = 0, the TRIAC is ON all the time and it appears that the resistor 
is connected directly to the voltage source. In this case, Va ms = Vo/ V2 as expected. As ay is 
increased to zr, the rms voltage decreases towards zero. 

This simple type of controller can be applied to an electric light bulb (in which case it 
serves as light dimmer) as well as to a resistive heater. It is also used to vary the speed of a 
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universal motor and finds widespread application as a speed-controller in small ac hand tools, 
such as hand drills, as well as in small appliances, such as electric mixers, where continuous 
speed variation is desired. 


| Practice Problem 10.3 | Problem 10.3 


Find the rms resistor voltage for the system of Example 10.3 if the sinusoidal source has been 
replaced by a source of the same frequency but which produces a square wave of zero average 
value and peak-peak amplitude 2 Vo. 


Solution 


10.1.3 Transistors 


For power-electronic circuits where control of voltages and currents is required, 
power transistors have become a common choice for the controllable switch. Al- 
though a number of types are available, we will consider only two: the metal- 
oxide-semiconductor field effect transistor (MOSFET ) and the insulated-gate bipolar 
transistor (IGBT ). 

MOSFETs and IGBTs are both three-terminal devices. Figure 10.1 1a shows the 
symbols for n- and p-channel MOSFETs, while Fig. 10.11b shows the symbol for 
n- and p-channel IGBTs. In the case of the MOSFET, the three terminals are referred 
to as the source, drain, and gate, while in the case of the IGBT the corresponding 


Drain Drain Collector Collector 
Gate : Gate Le, Gate Gate 
Source Source Emitter Emitter 
n-channel p-channel n-channel p-channel 


(a) (b) 


Figure 10.11 (a) Symbols for n- and p-channel MOSFETs. 
(b) Symbols for n- and p-channel IGBTs. 
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terminals are the emitter, collector, and gate. For the MOSFET, the control signal 
is the gate-source voltage, vgs. For the IGBT, it is the gate-emitter voltage, ugg. In 
both the MOSFET and the IGBT, the gate electrode is capacitively coupled to the 
remainder of the device and appears as an open circuit at dc, drawing no current, and 
drawing only a small capacitive current under ac operation. 

Figure 10.12a shows the v-i characteristic of a typical n-channel MOSFET. The 
characteristic of the corresponding p-channel device looks the same, with the ex- 
ception that the signs of the voltages and the currents are reversed. Thus, in an 
n-channel device, current flows from the drain to the source when the drain-source and 


ga (vgs — Vr) = Ups 
Ohmic =e Active = 
(Vps)RB 
oe 


(Vce)RB 


pate 


UCE 


2 (VeR) sat UgE < Vr (Vce)eB 


(b) 


Figure 10.12 (a) Typical v-i characteristic for an n-channel MOSFET. 
(b) Typical v-i characteristic for an n-channel IGBT. 
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gate-source voltages are positive, while in a p-channel device current flows from the 
source to the drain when the drain-source and gate-source voltages are negative. 
Note the following features of the MOSFET and IGBT characteristics: 


™ Inthe case of the MOSFET, for positive drain-source voltage ups, no drain 
current will flow for values of vgs less than a threshold voltage which we will 
refer to by the symbol Vr. Once vgs exceeds Vr, the drain current ip increases 
aS Uggs is increased. 
In the case of the IGBT, for positive collector-emitter voltage ucg, no 
collector current will flow for values of ugg less than a threshold voltage Vr. 
Once ugg exceeds Vr, the collector current ic increases as Ugg is increased. 


@ Inthe case of the MOSFET, no drain current flows for negative drain-source 
voltage. 
In the case of the IGBT, no collector current flows for negative collector- 
emitter voltage. 


@ Finally, the MOSFET will fail if the drain-source voltage exceeds its 
breakdown limits; in Fig. 10.12a, the forward breakdown voltage is indicated 
by the symbol (Vps)rs while the reverse breakdown voltage is indicated by the 
symbol (Vps) gs. 

Similarly, the IGBT will fail if the collector-emitter voltage exceeds its 
breakdown values; in Fig. 10.12b, the forward breakdown voltage is indicated 
by the symbol (Vcr)rp while the reverse breakdown voltage is indicated by the 
symbol (Vce)rp- 

m Although not shown in the figure, a MOSFET will fail due to excessive 
gate-source voltage as well as excessive drain current which leads to excessive 
power dissipation in the device. Similarly an IGBT will fail due to excessive 
gate-emitter voltage and excessive collector current. 


Note that for small values of ucg, the IGBT voltage approaches a constant value, 
independent of the drain current. This saturation voltage, labeled (Vcg)sat in the figure, 
is on the order of a volt or less in small devices and a few volts in high-power devices. 
Correspondingly, in the MOSFET, for small values of vps, vps is proportional to the 
drain current and the MOSFET behaves as a small resistance whose value decreases 
with increasing vgs. 

Fortunately, for our purposes, the details of these characteristics are not impor- 
tant. As we will see in the following example, with a sufficient large gate signal, the 
voltage drop across both the MOSFET and the IGBT can be made quite small. In this 
case, these devices can be modeled as a short circuit between the drain and the source 
in the case of the MOSFET and between the collector and the emitter in the case 
of the IGBT. Note, however, these “‘switches” when closed carry only unidirectional 
current, and hence we will model them as a switch in series with an ideal diode. This 
ideal-switch model is shown in Fig. 10.13a. 

In many cases, these devices are commonly protected by reverse-biased protec- 
tion diodes connected between the drain and the source (in the case of a MOSFET) 
or between the collector and emitter (in the case of an IGBT). These protection 
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D,C D,C 
G, B G,B 
o——— o———_— 
S,E S,E 
(a) (b) 


Figure 10.13 (a) ideal-switch model for a MOSFET or 
an IGBT showing the series ideal diode which represents 
the unidirectional-current device characteristic. 

(b) Ideal-switch model for devices which include a 
reverse-biased protection diode. The symbols G, D, and 
S apply to the MOSFET while the symbols B, C, and E 
apply to the BGT. 


devices are often included as integral components within the device package. If these 
protection diodes are included, there is actually no need to include the series diode, 
in which case the model can be reduced to that of Fig. 10.13b. 


EXAMPLE 10.4 


Consider the circuit of Fig. 10.14a. Here we see an IGBT which is to be used to control 
the current through the resistor R as supplied from a dc source Vo. Assume that the IGBT 
characteristics are those of Fig. 10.12b and that Vp is significantly greater than the saturation 
voltage. Show a graphical procedure that can be used to find ucg as a function of vgs. 


tok 


Vo— “ce 


Load line Ic = ( R 


ws 


(Vee) sat Vo YCE 


(a) (b) 


Figure 10.14 (a) Circuit for Example 10.4. (b) IGBT characteristic showing load line 
and operating point. 
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H Solution 
Writing KVL for the circuit of Fig. 10.14a gives 


Vo = Ic R + ce 
Solving for ic gives 


ie (Vo — Uce) 

R 

Note that this linear relationship, referred to as the load line, represents a constraint 
imposed by the external circuit on the relationship between the IGBT terminal variables ic and 
Ucg. The corresponding constraint imposed by the IGBT itself is given by the v-i characteristic 
of Fig. 10.12b. 

The operating point of the circuit is that point at which both these constraints are simulta- 
neously satisfied. It can be found most easily by plotting the load line on the v-i relationship of 
the IGBT. This is done in Fig. 10.14b. The operating point is then found from the intersection 
of the load line with the v-i characteristic of the IGBT. 

Consider the operating point labeled A in Fig. 10.14b. This is the operating point corre- 
sponding to values of vgg less than or equal to the threshold voltage V;. Under these conditions, 
the IGBT is OFF, there is no collector current, and hence vcg = Vp. As ugg is increased past 
V;, collector current begins to flow, the operating point begins to climb up the load line, and 
Ucg decreases, the operating point labeled B is a typical example. 

Note however that as ugg is further increased, the operating point approaches that portion 
of the IGBT characteristic for which the curves crowd together (see the operating point labeled 
C in Fig. 10.14b). Once this point is reached, any further increase in vgg will result in only a 
minimal decrease in ucg. Under this condition, the voltage across the IGBT is approximately 
equal to the saturation voltage (Vcg)sat- 

If the IGBT of this example were to be replaced by a MOSFET the result would be similar. 
As the gate-source voltage vgs is increased, a point is reached where the voltage drop across 
approaches a small constant value. This can be seen by plotting the load line on the MOSFET 
characteristic of Fig. 10.12a. 

The load line intersects the vertical axis at a collector current of ic = V)/R. Note that the 
larger the resistance, the lower this intersection and hence the smaller the value of ugg required 
to saturate the transistor. Thus, in systems where the transistor is to be used as a switch, it 
is necessary to insure that the device is capable of carrying the required current and that the 
gate-drive circuit is capable of supplying sufficient drive to the gate. 


Example 10.4 shows that when a sufficiently large gate voltage is applied, the 
voltage drop across a power transistor can be reduced to a small value. Under these 
conditions, the IGBT will look like a constant voltage while the MOSFET will appear 
as a small resistance. In either case, the voltage drop will be small, and it is sufficient 
to approximate it as a closed switch (1.e., the transistor will be ON). When the gate 
drive is removed (i.e., reduced below Vy), the switch will open and the transistor will 
turn OFF. 
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10.2 RECTIFICATION: CONVERSION 
OF AC TO DC 


The power input to many motor-drive systems comes from a constant-voltage, 
constant-frequency source (e.g., a 50- or 60-Hz power system), while the output must 
provide variable-voltage and/or variable-frequency power to the motor. Typically such 
systems convert power in two stages: the input ac is first rectified to dc, and the dc 
is then converted to the desired ac output waveform. We will thus begin with a dis- 
cussion of rectifier circuits. We will then discuss inverters, which convert dc to ac, in 
Section 10.3. 


10.2.1 Single-Phase, Full-Wave Diode Bridge 


Example 10.1 illustrates a half-wave rectifier circuit. Such rectification is typically 
used only in small, low-cost, low-power applications. Full-wave rectifiers are much 
more common. Consider the full-wave rectifier circuit of Fig. 10.15a. Here the resis- 
tor R is supplied from a voltage source v(t) = Vo sin wt through four diodes connected 
in a full-wave bridge configuration. 

If we assume the diodes to be ideal, we can use the method-of-assumed states to 
show that the allowable diode states are: 


Diodes D1 and D3 ON, diodes D2 and D4 OFF for v,(t) > 0 
Diodes D2 and D4 ON, diodes D1 and D3 OFF for v,(t) < 0 
The resistor voltage, plotted in Fig. 10.15b, is then given by 


_ us(t) = Vosinwt v,(t) >0 
URE = eee =—Vosinwt v,(t) <0 uo”) 


Now notice that the resistor voltage is positive for both polarities of the source volt- 
age, hence the terminology full-wave rectification. The dc or average value of this 
waveform can be seen to be twice that of the half-wave rectified waveform of 


Example 10.1. 
2 
Vac = (=) Vo (10.2) 
a 


= . | ip(t) 4 


Vor Up(t) 
§ DI D4 4, 0 R' 


v,(t) C) R Up(d) 


Figure 10.15 (a) Full-wave bridge rectifier. (b) Resistor voltage. 
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The rectified waveforms of Figs. 10.3b and 10.15b are clearly not the sort of 
“dc” waveforms that are considered desirable for most applications. Rather, to be 
most useful, the rectified de should be relatively constant and ripple free. Such a 
waveform can be achieved using a filter capacitor, as illustrated in Example 10.5. 


As shown in Fig. 10.16, a filter capacitor has been added in parallel with the load resistor 
in the full-wave rectifier system of Fig. 10.15. For the purposes of this example, assume that 
v,(t) = Vo sinwt with Vo = /2 (120) V, w = (27)60 © 377 rad/sec and that R = 10 Q and 
C = 10 uF, Plot the resistor voltage, vg(t), current, ig(t), and the total bridge current, ig(t). 


ip(t) 
= 


Figure 10.16 Full-wave bridge rectifier with capacitive 
filter for Example 10.5. 


Solution 

The addition of the filter capacitor will tend to maintain the resistor voltage vg(t) as the source 
voltage drops. The diodes will remain ON as long as the bridge output current remains positive 
and will switch OFF when this current starts to reverse. 

This example can be readily solved using MATLAB.! Figure 10.17a shows the resistor 
voltage vg (t) plotted along with the rectified source voltage. During the time that the bridge is 
ON, 1.e., one pair of diodes is conducting, the resistor voltage is equal to the rectified source 
voltage. When the bridge is OFF, the resistor voltage decays exponentially. 

Notice that because the capacitor is relatively large (the RC time constant is 100 msec 
as compared to the period of the rectified source voltage, which is slightly over 8.3 msec) the 
diodes conduct only for a short amount of time around the peak of the rectified-source-voltage 
waveform. This can be readily seen from the expanded plots of the resistor current and the 
bridge current in Fig. 10.17b. Although the resistor current remains continuous and relatively 
constant, varying between 15.8 and 17 A, the bridge output current consists essentially of a 


t MATLAB is a registered trademark of The MathWorks, Inc. 
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Figure 10.17 Example 10.5. (a) Resistor voltage and rectified 


source voltage (dashea). (b) Resistor current and total bridge current 
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current pulse which flows for less than 0.9 msec near the peak of the rectified voltage waveform 
and has a peak value of 250 A. It should be pointed out that the peak current in a practical 
circuit will be smaller than 250 A, being limited by circuit impedances, diode drops, and so on. 

Using MATLAB, it is possible to calculate the rms value of the resistor current to be 
16.4 A while that of the bridge current is 51.8 A. We see therefore that the bridge diodes in 
such a system must be rated for rms currents significantly in excess of that of the load. The data 
sheets for power-supply diodes typically indicate their rms current ratings, specifically with 
these sorts of applications in mind. Such peaked supply currents are characteristic of rectifier 
circuits with capacitive loads and can significantly affect the voltage waveforms on ac power 
systems when they become a significant fraction of the overall system load. 

The ripple voltage in the resistor voltage is defined as the difference between its maximum 
and minimum values. In this example, the maximum value is equal to the peak value of the source 
voltage, or 169.7 V. The minimum value can be found from the MATLAB solution to be 157.8 V. 
Thus the ripple voltage is 11.9 V. Clearly the ripple voltage can be decreased by increasing the 
value of the filter capacitor. Note however that this comes at the expense of increased cost as 
well as shorter current pulses and higher rms current through the rectifier diodes. 

Here is the MATLAB script for Example 10.5. 


cle 

clear 

$parameters 
omega = 2*pi*60; 
R=. 103 

€ = 0.07 

VO = 120*sqrt (2); 
ta, =: ‘RFE; 

Nmax = 800; 


% diode = 1 when rectifier bridge is conducting 
diode = 1; 


Here is the loop that does the work. 


for n = 1:Nmax+l 
t(n) = (2.5*pi/omega) *{(n-1)/Nmax; %time 
vs({n) = VO*cos(omega*t(n)); %source voltage 
vrect(n) = abs(vs(n)); %full-wave rectified source voltage 


Calculations if the rectifier bridge is ON 
if diode == 1 


%$If the bridge is ON, the resistor voltage is equal to the rectified 
source voltage. 

vR(n) = vrect(n); 

$Check the total current out of rectifiers 

if (omega*t(n)) <= pi/2. 

1B(n) = vR(n)/R - VO0O*C*omega*sin(omega*t (n)); 

elseif (omega*t(n)) <= 3.*pi/2. 
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AK(nm) = vR(n)/R + VO*C*omega*sin(omega*t (n)); 
else 
iB(n) = vR(n)/R - VO0*C*omega*sin(omega*t(n)); 
end 


If the current tries to go negative, the dicdes will switch OFF 
if iB(n) < 0; 


diode — 0; 
toff = t(n): 
Voff = vrect(n); 
end 

else 


@when the diodes are off, the resistor/capacitar valtage decays 


sexponentially. 
vR(n) = Voft*exp(-(t(n)-tott)/tau); 
iB(n) = 0; 
if (vrect(n) - vR(n)) > 0; 
Giode = 1; 
end 
end 
end 


Calculate the resistor current 

iR = vR/R; 

$Now plot vR as a solid line and vrect us a dashed line 
plot (1000*t,vR) 

xlabel(’time [msec] ’) 

ylabel('Voltage [V]') 

axis ([0 22 0 180)) 

hold 

plot (1000*L,vrecl,’ ‘') 

hold 


C[prinlf£('\nHil any key to conlinue\n’) 
pause 


Now plot iR as a solid line and iL as a dashed line 
plot (1000*t,iR) 

xlabel('time |msec]’) 

ylabel(’Source current [A]’) 

axis ([0 22 -50 250]) 

hold 

plot (1000*t,iB,'’--') 

hold 
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| Practice Problem 10.4 | Problem 10.4 


Use MATLAB to calculate the ripple voltage and rms diode current for the system of Exam- 
ple 10.5 for (a) C =5 x 10* wFand(b) C=5 x 10° «FE. (Hint: Note that the rms current must 
be calculated over an integral number of cycles of the current waveform). 


Solution 


a. 2.64 V and 79.6 A rms 
b. 21.6 V and 42.8 A rms 


In Example 10.5 we have seen that a capacitor can significantly decrease the 
ripple voltage across a resistive load. However, this comes at the cost of large bridge 
current pulses since the current must be delivered to the capacitor in the short time 
period during which the rectified source voltage is near its peak value. 

Figure 10.18 shows the addition of an inductor L at the output of the bridge, in 
series with the filter capacitor and its load. If the impedance of the inductor is chosen 
to be large compared to that of the capacitor/load combination at the frequency of 
the rectified source voltage, very little of the ac component of the rectified source 
voltage will appear across the capacitor, and thus the resultant L-C filter will pro- 
duce low voltage ripple while drawing a relatively constant current from the diode 
bridge. 

We have seen how the addition of a filter capacitor across a dc load can signifi- 
cantly reduce the ripple voltage seen by the load. In fact, the addition of significant 
capacitance can “stiffen” the rectified voltage to the point that it appears as a constant- 
voltage de source to a load. In an analogous fashion, an inductor in series with a load 
will reduce the current ripple out of a rectifier. Under these conditions, the rectified 
source will appear as a constant-current dc source to a load. 

The combination of a rectifier and an inductor at the output to supply a constant 
dc current to a load is of significant importance in power-electronic applications. It 
can be used, for example, as the front end of a current-source inverter which can be 
used to supply ac current waveforms to a load. We will investigate the behavior of 
such rectifier systems in the next section. 


ig(t) 


Figure 10.18 Full-wave bridge rectifier with an L-C filter 
supplying a resistive load. 
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10.2.2 Single-Phase Rectifier with Inductive Load 


In this section we will examine the performance of a single-phase rectifier driving an 
inductive load. This situation covers both the case where the inductor is included as 
part of the rectifier system as a filter to smooth out current pulses as well as the case 
where the load itself is primarily inductive. 

Let us examine first the half-wave rectifier circuit of Fig. 10.19. Here, the load 
consists of an inductor L in series with a resistor R. The source voltage is equal to 
Us(t) = Vo cos at. 

Consider first the case where L is small (wl < R). In this case, the load looks 
essentially resistive and the load current i, (t) will vary only slightly from the current 
for a purely resistive load as seen in Example 10.1. This current, obtained from a 
detailed analytical solution, is plotted in Fig. 10.20a, along with the current for a 
purely resistive load. 

Note that the effect of the inductance is to decrease both the initial rate of rise 
of the current and the peak current. More significantly, the diode conduction angle 
increases; current flows for longer than the half-period that is the case for a purely 
resistive load. As can be seen in Fig. 10.20a, this effect increases as the inductance 
is increased; current flows for a greater fraction of the cycle, and the peak current as 
well as the current ripple is reduced. 

Figure 10.20b, which shows the inductor voltage, illustrates an important point 
that applies to all situations in which an inductor is subjected to steady-state, periodic 
conditions: the time-averaged voltage across the inductor must equal zero. This can 
be readily seen from the basic v-i relationship for an inductor 


v= L— (10.3) 


If we consider the operation of an inductor over a period of the excitation fre- 
quency and recognize that, under steady-state conditions, the change in the inductor 
current over that period must equal zero (i.e., it must have the same value at time ¢ at 
the beginning of the period as it does one period later at time t + T), then we can write 


1 t+T 
i(@+7)-i(T) =0= 7 | vdt (10.4) 
t 
iO 
— 
as 
+ R 
u,(2) v(t) 

= L 


Figure 10.19 Half-wave rectifier with 
an inductive load. 
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Figure 10.20 Effect of increasing the series inductance in the circuit 
of Fig. 10.19 on (a) the load current and (b) the inductor voltage. 


from which we can see that the net volt-seconds (and correspondingly the average 
voltage) across the inductor during a cycle must equal zero 


t+T 
/ vdt=0 (10.5) 
t 


For this half-wave rectifier, note that as the inductance increases both the ripple 
current and the dc current will decrease. In fact, for large inductance (wL >> R) the 
dc load current will tend towards zero. This can be easily seen by the following 
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argument: 


As the inductance increases, the conduction angle of the diode will increase 
from 180° and approach 360° for large values of L. 

In the limit of a 360° conduction angle, the diode can be replaced by a 
continuous short circuit, in which case the circuit reduces to the ac voltage 
source connected directly across the series combination of the resistor and the 
inductor. 


Under this situation, no dc current will flow since the source is purely ac. In 
addition, since the impedance Z = R + jwL becomes large with large L, the 
ac (ripple) current will also tend to zero. 


Figure 10.21a shows a simple modification which can be made to the half-wave 
rectifier circuit of Fig. 10.19. The free-wheeling diode D2 serves as an alternate path 
for inductor current. 

To understand the behavior of this circuit, consider the condition when the source 
voltage is positive, and the rectifier diode D1 is ON. The equivalent circuit for this 
operating condition is shown in Fig. 10.21b. Note that under this condition, the volt- 
age across diode D2 is equal to the negative of the source voltage and diode D2 is 
turned OFF. 

This operating condition will remain in effect as long as the source voltage is 
positive. However, as soon as the source voltage begins to go negative, the voltage 
across diode D2 will begin to go positive and it will turn ON. Since the load is 


+ vp) — ir) ip() 


v,(0) = D2 Z %p2 


+ 


(a) 


+ Up, 7 


(c) 


Figure 10.21 (a) Half-wave rectifier with an inductive load and a free-wheeling diode. 
(b) Equivalent circuit when v(t) > 0 and diode D1 is conducting. (c) Equivalent circuit 
when vs(t) < O and the free-wheeling diode D2 is conducting. 
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inductive, a positive load current will be flowing at this time, and that load current 
will immediately transfer to the short circuit corresponding to diode D2. At the same 
time, the current through diode D1 will immediately drop to zero, diode D1 will be 
reverse biased by the source voltage, and it will turn OFF. This operating condition is 
shown in Fig. 10.21c. Thus, the diodes in this circuit alternately switch ON and OFF 
each half cycle: D1 is ON when v,(t) is positive, and D2 is ON when it is negative. 

Based upon this discussion, we see that the voltage vz (t) across the load (equal 
to the negative of the voltage across diode D2) is a half-wave rectified version of 
us(t) as seen in Fig. 10.22a. As shown in Example 10.1, the average of this voltage is 
Vac = Vo/z. Furthermore, the average of the steady-state voltage across the inductor 
must equal zero, and hence the average of the voltage v,(t) will appear across the 
resistor. Thus the dc load current will equal Vo/(2 R). This value is independent of 
the inductor value and hence does not approach zero as the inductance is increased. 

Figure 10.22b shows the diode and load currents for a relatively small value of 
inductance (wL < R),and Fig. 10.22c shows these same currents for a large inductance 
wL > R. In each case we see the load current, which must be continuous due to the 
presence of the inductor, instantaneously switching between the diodes depending 
on the polarity of the source voltage. We also see that during the time diode D1 is 
ON, the load current increases due to the application of the sinusoidal source voltage, 
while during the time diode D2 is ON, the load current simply decays with the L/R 
time constant of the load itself. 

As expected, in each case the average current through the load is equal to 
Vo/( R). In fact, the presence of a large inductor can be seen to reduce the ripple 
current to the point that the load current is essentially a de current equal to this value. 

Let us now consider the case where the half-wave bridge of Fig. 10.19 is replaced 
by a full-wave bridge as in Fig. 10.23a. In this circuit, the voltage applied to the load 
is the full-wave-rectified source voltage as shown in Fig. 10.15 and the average (dc) 
voltage applied to the load will equal 2 Vo/z. Here again, the presence of the inductor 
will tend to reduce the ac ripple. Figure 10.24, again obtained from a detailed analytical 
solution, shows the current through the resistor as the inductance is increased. 

If we assume a large inductor (wL >> R), the load current will be relatively ripple 
free and constant. It is therefore common practice to analyze the performance of this 
circuit by replacing the inductor by a dc current source J, as shown in Fig. 10.23b, 
where Ig, = 2Vo/(2 R). This is acommonly used technique in the analysis of power- 
electronic circuits which greatly simplifies their analysis. 

Under this assumption, we can easily show that the diode and source currents of 
this circuit are given by waveforms of Fig. 10.25. Figure 10.25a shows the current 
through one pair of diodes (e.g., diodes D1 and D3), and Fig. 10.25b shows the source 
current i,(t). The essentially constant load current J4. flows through each pair of diodes 
for one half cycle and appears as a square wave of amplitude J/g, at the source. 

In a fashion similar to that which we saw in the half-wave rectifier circuit with 
the free-wheeling diode, here a pair of diodes (e.g., diodes D1 and D3) are carrying 
current when the source voltage reverses, turning ON the other pair of diodes and 
switching OFF the pair that were previously conducting. In this fashion, the load 
current remains continuous and simply switches between the diode pairs. 
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v1 (t) 


Vo 


0 T 2n 3x cat 


(a) 


Figure 10.22 (a) Voltage applied to the load by the circuit of 
Fig. 10.21, (b) Load and diode currents for small L. (c) Load and diode 
currents for large L. 
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in@ i,(t) iL) 
— 


(a) (b) 


Figure 10.23 (a) Full-wave rectifier with an inductive load. (b) Full-wave rectifier with the inductor replaced 
by a dc current source. 


it) 
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Figure 10.24 Effect of increasing the series inductance 
in the circuit of Fig. 10.23a on the load current. 


10.2.3 Effects of Commutating Inductance 


Our analysis and the current waveforms of Fig. 10.25 show that the current commutes 
instantaneously from one diode pair to the next. In practical circuits, due to the 
presence of source inductance, commutation of the current between the diode pairs 
does not occur instantaneously. The effect of source inductance, typically referred to 
as commutating inductance, will be examined by studying the circuit of Fig. 10.26 
in which a source inductance L, has been added in series with the voltage source in 
the full-wave rectifier circuit of Fig. 10.23b. We have again assumed that the load 
time constant is large (@L/R >> 1) and have replaced the inductor with a dc current 
source gc. 

Figure 10.27a shows the situation which occurs when diodes D2 and D4 are ON 
and carrying current Jy, and when v, < 0. Commutation begins when v, reaches zero 
and begins to go positive, turning ON diodes D1 and D3. Note that because the current 
in the source inductance L, cannot change instantaneously, the circuit condition at 
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Figure 10.25 (a) Current through diodes D1 and D3 and 
(b) source current for the circuit of Fig. 10.23, both in the limit 
of large inductance. 
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Figure 10.26 Full-wave bridge rectifier with source inductance. 
Dc load current assumed. 


this time is described by Fig. 10.27b: the current through L, is equal to ~Jgc, the 
current through diodes D2 and D4 is equal to Ig, while the current through diodes 
Di and D3 is zero. 

Under this condition with all four diodes ON, the source voltage v,(f) appears 
directly across the source inductance L,. Noting that commutation starts at the time 
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i(t 
it) L, 


Figure 10.27 (a) Condition of the full-wave circuit of Fig. 10.26 
immediately before diodes D1 and D3 turn ON. {b) Condition immediately 
after diodes D1 and D3 turn ON. 


when v,(t) = 0, the current through L, can be written as 


l f 
is(t) = —lge + — [ us(t) dt 
L, 0 


(se) 
= —lgg + (1 — cost) (10.6) 
oL 


Ss 


Noting that i, = ip; —ipg, that ip) +ip2 = Ig. and, that by symmetry, ips = ip2, 
we can write that 


Tac — ist) 


5 (10.7) 


ip2 = 
Diode D2 (and similarly diode D4) will turn OFF when ip reaches zero, which will 
occur when is(t) = Jgc. In other words, commutation will be completed at time ¢,, 
when the current through L, has completely reversed polarity and when all of the 
load current is flowing through diodes D1 and D3. 
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(a) 


u(t) Commutation 
notches 


(b) 


Figure 10.28 (a) Currents through diodes D1 and D2 showing 
the finite commutation interval. (b) Load voltage showing the 
commutation notches due to the finite commutation time. 


Setting i,(t,) = Ig, and solving Eq. 10.6 gives an expression for the commutation 
interval t, as a function of Jg. 


1 21-0L 
te = — cos! [ Ss (==) (10.8) 
@ Vo 


Figure 10.28a shows the currents through diodes D1 and D2 as the current com- 
mutates between them. The finite commutation time f, can clearly be seen. There is a 
second effect of commutation which can be clearly seen in Fig. 10.28b which shows 
the rectified load voltage v,(t). Note that during the time of commutation, with all 
the diodes on, the rectified load voltage is zero. These intervals of zero voltage on the 
rectified voltage waveform are known as commutation notches. 

Comparing the ideal full-wave rectified voltage of Fig. 10.15b to the waveform 
of Fig. 10.28b, we see that the effect of the commutation notches is to reduce the dc 
output of the rectifier. Specifically, the dc voltage in this case is given by 


@ a 
Vae= (=) / Vo sin wt dt 
Xu . 


V 
= = (1 + cos wt) (10.9) 


where f, is the commutation interval as calculated by Eq. 10.8. 
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Finally, the dc load current can be calculated as function of ft, 


Va Vo 
lag = ae aoa (1 + cos wt.) (10.10) 


Substituting Eq. 10.8 into Eq. 10.10 gives a closed-form solution for [ac 


2Vo 
la = ———-———— 10.11 
© TR +20L, oy 
and hence 
2Vo 


We have seen that commutating inductance (which is to a great extent unavoidable 
in practical circuits) gives rise to a finite commutation time and produces commutation 
notches in the rectified-voltage waveform which reduces the dc voltage applied to 
the load. 


Consider a full-wave rectifier driving an inductive load as shown in Fig. 10.29. For a 60-Hz, 
230-V rms source voltage, R = 5.6 92 and large L (wL >> R), plot the dc current through the 
load Jj. and the commutation time ¢, as the source inductance L, varies from | to 100 mH. 


B Solution 

The solution can be obtained by substitution into Eqs. 10.8 and 10.11. This is easily done using 
MATLAB, and the plots of J,. and ¢, are shown in Figs. 10.30a and b respectively. Note that 
the maximum achievable de current, corresponding to L, = 0, is equal to 2V)/(a R) = 37 A. 
Thus, commutating inductances on the order of 1 mH can be seen to have little effect on the 
performance of the rectifier and can be ignored. On the other hand, a commutating inductance 
of 100 mH can be seen to reduce the de current to approximately 7 A, significantly reducing 
the capability of the rectifier circuit. 
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Figure 10.29 Full-wave bridge rectifier with source inductance 
for Example 10.6. 
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Figure 10.30 (a) Dc current /g. and (b) commutation time f 
for Example 10.6. 
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Here is the MATLAB script for Example 10.6. 


cle 

clear 
S$parameters 
omega = 2*pi*60; 
R= 5363 

VO = 230*sqrt(2); 


for n = 1:100 


Ls(n) = n*le-3; 

Ide({n) = 2*V0/(pi*R + 2*omega*Ls(n)); 

te(n) = (1/omega) *acos(1-(2*Idc(n) *omega*Ls(n))/V0O); 
end 


plot (Ls*1000,Idc) 

xXlabel(’Commutating inductance Ls [mH]’) 
ylabel(‘Idc’) 

fprintf(’\nHit any key to continue\n’) 
pause 

plot (Ls*1000,tc*1000) 
xlabel(‘Commutating inductance Ls [mH]’) 
ylabel(‘tc [msec] ’) 


| Practice Problem 10.5 | Problem 10.5 


Calculate the commutating inductance and the corresponding commutation time for the circuit 
of Example 10.6 if the dc load current is observed to be 29.7 A. 


Solution 
L, = 5.7 mH and t, = 2.4 msec 


10.2.4 Single-Phase, Full-Wave, 
Phase-Controlled Bridge 


Figure 10.31 shows a full-wave bridge in which the diodes of Fig. 10.15 have been 
replaced by SCRs. We will assume that the load inductance L is sufficiently large 
that the load current is essentially constant at a dc value Jy,. We will also ignore any 
effects of commutating inductance, although they clearly would play the same role 
in a phase-controlled rectifier system as they do in a diode-rectifier system. 

Figure 10.32 shows the source voltage and the timing of the SCR gate pulses 
under a typical operating condition for this circuit. Here we see that the firing pulses 
are delayed by an angle ay after the zero-crossing of the source-voltage waveform, 
with the firing pulses for SCRs T1 and T3 occuring after the positive-going transition 
of u,(t) and those for SCRs T2 and T4 occuring after the negative-going transition. 
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Figure 10.31 Full-wave, phase-controlled SCR bridge. 
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Figure 10.32 Source voltage and firing pulses for the 
phase-controlled SCR bridge of Fig. 10.31. 


Figure 10.33a shows the current through SCRs T1 and T3. Note that these SCRs 
do not turn ON until they receive firing pulses at angle wg after they are forward biased 
following positive-going zero crossing of the source voltage. Furthermore, note that 
SCRs T2 and T4 do not turn ON following the next zero crossing of the source voltage. 
Hence, SCRs T1 and T3 remain ON, carrying current until SCRs T2 and T4 are turned 
ON by gate pulses. Rather, T2 and T4 turn ON only after they receive their respective 
gate pulses (for example, at angle 7 + aq in Fig. 10.33). This is an example of forced 
commutation, in that one pair of SCRs does not naturally commutate OFF but rather 
must be forcibly commutated when the other pair is turned ON. 

Figure 10.33b shows the resultant load voltage v, (t). We see that the load voltage 
now has a negative component, which will increase as the firing-delay angle ag is 
increased. The dc value of this waveform is equal to 


QV, 
Vac = (=) cosay (0 <a <7) (10.13) 
ww 
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Figure 10.33 Waveforms for the phase-controlled SCR bridge 
of Fig. 10.31. (a) Current through SCRs T1 and TS. (b) Load 
voltage. (c) Source voltage and current. 
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from which the firing-delay angle corresponding to a given value of dc voltage can 
be seen to be 


V, 
og = cos7! (Se) (10.14) 


From Eq. 10.13 we see that the dc voltage applied to the load can vary from 2 Vo /7 
to —2Vo/z. This is a rather surprising result in that it is hard to understand how a 
rectifier bridge can supply negative voltage. However, in this case, it is necessary to 
recognize that this result applies to an inductive load which maintains positive current 
flow through the SCRs in spite of the reversal of polarity of the source voltage. If 
the load were purely resistive, the current through the conducting SCRs would go 
to zero as the source-voltage reversed polarity, and they would simply turn OFF; no 
load current would flow until the next pair of SCRs is turned ON. 

Figure 10.33c shows the source voltage and current waveforms for the phase- 
controlled SCR-bridge. We see that the square-wave source current is out of phase 
with the source voltage. Its fundamental-harmonic is given by 


4 
isi (t) = (=) Igc Sin (wt — ag) (10.15) 
1 
and thus the real power supplied to the load is given by 


2 
P= Vacldc => 7 Volac COS Aq (10.16) 


and the reactive power supplied is 
Z 
Q= — > Volac sin dq (10.17) 


Under steady-state operation at a load current Igc, Vac = Jac R and the steady-state 
firing-delay angle can be found from Eq. 10.14 to be a,, = cos™! (Bes. Under this 
condition, the real power simply supplies the losses in the resistor andhence P = I7.R. 
It may seem strange to be supplying reactive power to a “dc” load. However, careful 
analysis will show that this reactive power supplies the energy associated with the 
small but finite ripple current through the inductor. 

If the delay angle is suddenly reduced (a@q < dss), the de voltage applied to 
the load will increase (see Eq. 10.13) as will the power supplied to the load (see 
Eq. 10.16). As a result, /g, will begin to increase and the increased power will increase 
the energy storage in the inductor. Similarly, if the delay time is suddenly increased 
(tq > tao), Vac will decrease (it may even go negative) and the power into the load 
will decrease, corresponding to a decrease in Jy, and a decrease in the energy storage 
in the inductor. 

Note that if aq > 2/2, Vac will be negative, a condition which will continue until 
Ig¢ reaches zero at which time the SCR bridge will turn OFF. Under this condition, 
the real power P will also be negative. Under this condition, power is being supplied 
from the load to the source and the system is said to be regenerating. 
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EXAMPLE 10.7 [a 


A small superconducting magnet has an inductance L = 1.2 H. Although the resistance of 
the magnet itself is essentially zero, the resistance of the external leads is 12.5 mQ. Current 


is supplied to the magnet from a 60-Hz, 15-V peak, single-phase source through a phase- 
controlled SCR bridge as in Fig. 10.31. 


a. 


The magnet is initially operating in the steady state at a dc current of 35 A. Calculate the 
dc voltage applied to the magnet, the power supplied to the magnet, and the delay angle a, 
in msec. Plot the magnet voltage v, (ft). 


. In order to quickly discharge the magnet, the delay angle is suddenly increased to ag = 


0.9% = 162°. Plot the corresponding magnet voltage. Calculate the time required to 
discharge the magnet and the maximum power regenerated to the source. 


Bf Solution 
The example is most easily solved using MATLAB, which can easily produce the required 
plots. 


a. Under this steady-state condition, Va. = JueR = 35 x 0.0125 = 0.438 V. The power 


supplied to the magnet is equal to P = Va. la, = 0.438 x 35 = 15.3 W, all of which is 
going into supplying losses in the lead resistance. The delay angle can be found from 


Eq. 10.14. 
ag x coset (TRU) = og (FX 0:0125 x 35 
ne 3 ae fe 2x 15 
= 1.52 rad = 87.4° 


A plot of vu, (t) for this condition is given in Fig. 10.34a. 


. For a delay angle of 0.97, the de load voltage will be 


2V, 2x 15 
Vico = (=) COS Oy = 2") cos (0.97) = —9.1 V 
bd Xu 


A plot of vu, (t) for this condition is given in Fig. 10.34b. 
The magnet current j,, can be calculated from the differential equation 


dim 
Vico = imR + L— 
? f dt 


subject to the initial condition that i,,(0) = 35 A. Thus 


1 (+000 - te e (ry 


From this equation we find that the magnet current will reach zero at time t = 4.5 
seconds, at which time the bridge will shut off. The power regenerated to the source will 
be given by — Va.én(¢). It has a maximum value of 9.1 x 35 = 318 W at time ¢ = 0. 


Vac 
R 


in(t) — 


10.2 Rectification: Conversion of AC to DC 529 


Load voltage [V] 
Y 2 
eee 
1. 


\ 

‘ 
10- \ 4 

‘ | \ 
15 \ L 1 Ss. ! MG 
5 10 15 20 25 
time (msec] 
(a) 

5 a a — ; 


Load voltage [V] 
ow 
T 
4 


| | 


\ 
t 
“10 / \ / a 
é 
rs 
= — / L . NU = 
10 15 


\ 
al a 


Figure 10.34 Waveforms for Example 10.7. (a) Magnet-voltage 
for ag = 87.4°, Vag = 0.438 V. (b) Magnet-voltage for ag = 162°, 
Vao = —9.1 V. 
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Here is the MATLAB script for Example 10.7. 


cle 
clear 


ae 


system parameters 
12.5e-3; 

1327 

vo = 15; 

omega = 120*pi; 


% part (a) 


% dc current 
Idec = 35; 


2 


% dc voltage 
Vde a = R*Idc; 


% Power 
P = Vdc_a*Idc; 


$Calculate the delay angle 
alpha_da = acos(pi*R*Idc/(2*V0)); 


SNow calculate the load voltage 
for n = 1:1300 
theta(n) = 2*pi*(n-1)/1000; 
t(n) = theta(n)/omega; 
vs(n) = VO*sin(theta(n)); 


if theta(n) < alpha_da 
vL({n) = -vs(n); 

elseif (theta(n) < pi + alpha_da) 
vL(n) = vs(n); 

elseif theta(n) < 2*pi + alpha_da 
vL({(n) = -vs(n); 

elseif theta(n) < 3*pi + alpha_da 
vL(n) = vs(n); 

elseif theta(n) < 4*pi + alpha_da 


vL(n) = -vs(n); 
else 

vL(n) = vs({n); 
end 

end 


plot (1000*t,vL) 
xlabel(’time [msec]’) 
ylabel(’Load voltage [V]’) 


pause 


% part (b) 
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% delay angle 
alpha-_db = 0.9*pi; 


% Find the new dc voltage 
Vdceb = (2*V0/pi)*cos(alpha_db) ; 


% Time constants 
tau = L/R; 


% Initial current 
imO = Idec; 


% Calculate the time at which the current reaches zero 
tzero = -tau*log((-Vdc_b/R)/(im0-Vdc_b/R)); 


[> 


% Now plot the load voltage 
for n = 1:1300 

theta(n) = 2*pi*(n-1)/1000; 
t(n) = theta(n) /omega; 
vs(n) = VO*sin(theta(n)); 


if theta(n) < alpha_db 
vL{(n) = -vs(n); 

elseif (theta(n) < pi + alpha_db) 
vL(n) = vs{n); 

elseif theta(n) < 2*pi + alpha_db 
vL(n) = -vs(n); 

elseif theta(n) < 3*pi + alpha_db 
vL(n) = vs(n); 

elseif theta(n) < 4*pi + alpha_db 


vL(n) = -vs(n); 
else 

vL(n) = vs(n); 
end 

end 


plot (1000*t,vL) 
xlabel(‘time [msec]’) 
ylabel(‘’Load voltage [V]’) 


fprint£ (‘part (a):’) 
fprintf(’\n Vde_a = %g [mV]’,1000*Vdc_a) 

fprintf(’\n Power = %g [W]’,P); 

fprintf(’\n alpha_d=%g [rad] =%g [degrees]',alpha_da,180*alpha_da/pi) 
fprint£(’\npart (b):’) 
fprintf(’\n alpha_d=%g [rad] =%g [degrees]’,alpha_db,180*alpha_db/pi) 
fprintf(’\n Vdc_b = %g [V]’,Vdc_b) 

fprintf(’\n Current will reach zero at %g [sec]’,tzero) 


fprintf(‘\n’) 
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| Practice Problem 10.6 | Problem 10.6 


The field winding of a small synchronous generator has a resistance of 0.3 Q and an inductance 
of 250 mH. It is fed from a 24-V peak, single-phase 60-Hz source through a full-wave phase- 
controlled SCR bridge. (a) Calculate the de voltage required to achieve a de current of 18 A 
through the field winding and the corresponding firing-delay angle. (b) Calculate the field 
current corresponding to a delay angle of 45°. 


Solution 


a. 5.4 V, 69° 
b. 36.0A 


10.2.5 Inductive Load with a Series DC Source 


As we have seen in Chapter 9, dc motors can be modeled as dc voltage sources in 
series with an inductor and a resistor. Thus, it would be useful to briefly investigate 
the case of a dc voltage source in series with an inductive load. 

Let us examine the full-wave, phase-controlled SCR rectifier system of Fig. 10.35. 
Here we have added a dc source Eg: in series with the load. Again assuming that 
wL > R so that the load current is essentially dc, we see that the load voltage vu, (t) 
depends solely on the timing of the SCR gate pulses and hence is unchanged by the 
presence of the dc voltage source Eg,. Thus the de value of uy (t) is given by Eq. 10.13 
as before. 

In the steady-state, the dc current through the load can be found from the net dc 
voltage across the resistor as 

Iie = “eo oe (Vac = Exc) (10.18) 
where Vg, is found from Eq. 10.13. Under transient conditions, it is the difference 
voltage, Vac — Euc, that drives a change in the dc current through the series R-L 
combination, in a fashion similar to that illustrated in Example 10.7. 


I de 


u(t) 


Figure 10.35 Full-wave, phase-controlled SCR bridge with an 
inductive load including a dc voltage source. 
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EXAMPLE 10.8 


A small permanent-magnet dc motor is to be operated from a phase-controlled bridge. The 
60-Hz ac waveform has an rms voltage of 35 volts. The dc motor has an armature resistance 
of 3.5 Q and an armature inductance of 17.5 mH. It achieves a no-load speed of 8000 r/min at 
an armature voltage of 50 V. 

Calculate the no-load speed in r/min of the motor as a function of the firing delay angle ay. 


@ Solution 
In Section 7.7 we see that the equivalent circuit for a permanent-magnet de motor consists of 
a de source (proportional to motor speed) in series with an inductance and a resistance. Thus, 
the equivalent circuit of Fig. 10.35 applies directly to the situation of this problem. 

From Eq. 7.26, the generated voltage from the de motor (£,, in Fig. 10.35) is proportional 
to the speed of the de motor. Thus, 


8000 
n= (SP) E,, = 160£,, r/min 


Under steady state operation, the dc voltage drop across the armature inductance will be 
zero. In addition, at no load, the armature current will be sufficiently small that the voltage 
drop across the armature resistance can be neglected. Thus, setting Ey, = V4, and substituting 
the expression for Vy, from Eq. 10.13 give, 


2V 
Ea = Voc = — COS Gq 


_ ao 


) cos aj = 31.5 cosa, 


Note that because the bridge can only supply positive current to the dc motor (and hence, in the 
steady-state, the dc voltage must be positive), this expression is valid only for 0 < a < 7/2. 
Finally, substituting the expression for the speed n in terms of Ey, gives 


n = 160 x (31.5 cosa) = 5040 cosagr/min (0 < ag < 2/2) 


Practice Problem 10.7 


The dce-motor of Example 10.8 is observed to be operating at a speed of 3530 r/min and drawing 
a de current of 1.75 ampere. Calculate the corresponding firing delay angle ay. 


Solution 


ag = 0.152 rad = 27° 


10.2.6 Three-Phase Bridges 


Although many systems with ratings ranging up to five or more kilowatts run off 
single-phase power, most large systems are supplied from three-phase sources. In 
general, all of the issues which we have discussed with regard to single-phase, 
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Figure 10.36 (a) Three-phase, six-pulse diode bridge with resistive load. 
(b) Line-to-line voltages and resistor voltage. 


full-wave bridges apply directly to situations with three-phase bridges. As a result, 
we will discuss three-phase bridges only briefly. 

Figure 10.36a shows a system in which a resistor R is supplied from a three-phase 
source through a three-phase, six-pulse diode bridge. Figure 10.36b shows the three- 
phase line-to-line voltages (peak value af DV trite where V\_,:ms is the rms value of 
the line-to-line voltage) and the resistor voltage va(t), found using the method-of- 
assumed-states and assuming that the diodes are ideal. 

Note that vp has six pulses per cycle. Unlike the single-phase, full-wave bridge 
of Fig. 10.15a, the resistor voltage does not go to zero. Rather, the three-phase diode 
bridge produces an output voltage equal to the instantaneous maximum of the abso- 
lute value of the three line-to-line voltages. The dc average of this voltage (which can 


10.2 Rectification: Conversion of AC to DC 


be obtained by integrating over 1/6 of a cycle) is given by 


3a fio 
Coe i —vye(t) dt 
T Jo 


3H [3 2 
Se Vay sein (« = +) dt 
wT Jo 3 


(22) Viste (10.19) 


where V\_i:ms 1s the rms value of the line-to-line voltage. 

Table 10.1 shows the diode-switching sequence for the three-phase bridge of 
Fig. 10.36a corresponding to a single period of the three-phase voltage of waveforms 
of Fig. 10.36b. Note that only two diodes are on at any given time and that each diode 
is on for 1/3 of a cycle (120°). 

Analogous to the single-phase, full-wave, phase-controlled SCR bridge of 
Figs. 10.31 and 10.35, Fig. 10.37 shows a three-phase, phase-controlled SCR bridge. 
Assuming continuous load current, corresponding for example to the condition 
@L > R, in which case the load current will be essentially a constant de current J4., 
this bridge is capable of applying a negative voltage to the load and of regenerating 
power in a fashion directly analogous to the single-phase, full-wave, phase-controlled 
SCR bridge which we discussed in Section 10.2.4. 


Table 10.1 Diode conduction times for the three-phase diode bridge of Fig. 10.36a. 


Qa 0-7/3 n/3-21n/3 2n/3—7 n-An/3 4x/3-57/3 52/3-27 
D1 OFF ON ON OFF OFF OFF 
D2 OFF OFF OFF ON ON OFF 
D3 ON OFF OFF OFF OFF ON 
D4 OFF OFF OFF OFF ON ON 

D5 ON ON OFF OFF OFF OFF 
D6 OFF OFF ON ON OFF OFF 


Figure 10.37 Three-phase, phase-controlled SCR 
bridge circuit with an inductive load. 
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It is a relatively straightforward matter to show that maximum output voltage of 
this bridge configuration will occur when the SCRs are turned ON at the times when 
the diodes in a diode bridge would naturally turn ON. These times can be found from 
Table 10.1. For example, we see that SCR T5 must be turned ON at angle ag =0 
(.e., at the positive zero crossing of vap(t)). Similarly, SCR T1 must be turned ON at 
time ag = 2/3, and so on. 

Thus, one possible scheme for generating the SCR gate pulses is to use the 
positive-going zero crossing of vap(t) as a reference from which to synchronize a 
pulse train running at six times the fundamental frequency (i.e., there will be six 
uniformly-spaced pulses in each cycle of the applied voltage). SCR TS would be fired 
first, followed by SCRs T1, T6, T2, T4, and T3 in that order, each separated by 60° 
in phase delay. 

If the firing pulses are timed to begin immediately following the zero crossing 
of vp(t) the load voltage waveform v(t) will be that of Fig. 10.36b. If the firing 
pulses are delayed by an angle ay, then the load-voltage waveforms will appear as in 
Fig. 10.38a (for ag = 0.17) and Fig. 10.38b (for ag = 0.977). 


u(t) 


v2Vi-4, rms es 
ag =O0.1n 
m/6 
0 ot 
(a) 

0 
m6 wt 
ag = 0.97 

—y2 Vi. rms LRA AKL ALKA 
¥ u(t) 


{b) 


Figure 10.38 Typical load voltages for delayed firing of the SCRs in 
the three-phase, phase-controlled rectifier of Fig. 10.37; (a) ag = 0.17, 
(b) ag = 0.97. 
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The dc average of the output voltage of the phase-controlled bridge can be 
found as 


agt+n/3 
wo 


3a 
Vide = = | —Upe(t) dt 
m ds 
3 estar 9 
gases i nd Viieats sin (« - =) dt 
m Joa 3 
3/2 
= (=) Vitrms cosa (0 < aq < 7) (10.20) 


where V\_\ :ms is the rms value of the line-to-line voltage. 


EXAMPLE 10.9 


A large magnet with an inductance of 14.7 H and resistance of 68 Q is to be supplied from 
a 60-Hz, 460-V, three-phase source through a phase-controlled SCR bridge as in Fig. 10.37. 
Calculate (a) the maximum de voltage Vacmax and current Igcmax Which can be supplied from 
this source and (b) the delay angle a, required to achieve a magnet current of 2.5 A. 

@ Solution 


a. From Eq. 10.20, the maximum voltage (corresponding to w; = 0) is equal to 
3/2 3/2 
Vac,max _ (=) Vi-1cms _ (2) 460 = 621 V 


and Tac, max = Vac,max/R =9.1A 
b. The delay angle for a current of 2.5 A, corresponding to Va, = Ig-R = 170 V, can be 
found from inverting Eq. 10.20 as 


=] ie Vic ° 
lg = COS (5) ( )] = 1.29 rad = 74.1 
3./3 Vi-tems 


Practice Problem 10.8 


Repeat Example 10.9 for the case in which the 60-Hz source is replaced by a 50-Hz, 400-V, 
three-phase source. 


Solution 


a. Voc, max = 540 V, Tac,max = 7.94 V 
b. ag = 1.25 rad = 71.6° 


The derivations for three-phase bridges presented here have ignored issues such as 
the effect of commutating inductance, which we considered during our examination 
of single-phase rectifiers. Although the limited scope of our presentation does not 
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permit us to specifically discuss them here, the effects in three-phase rectifiers are 
similar to those for single-phase systems and must be considered in the design and 
analysis of practical three-phase rectifier systems. 


10.3 INVERSION: CONVERSION OF DC TO AC 


In Section 10.2 we discussed various rectifier configurations that can be used to 
convert ac to dc. In this section, we will discuss some circuit configurations, referred 
to as inverters, which can be used to convert dc to the variable-frequency, variable- 
voltage power required for many motor-drive applications. Many such configurations 
and techniques are available, and we will not attempt to discuss them all. Rather, 
consistent with the aims of this chapter, we will review some of the common inverter 
configurations and highlight their basic features and characteristics. 

For the purposes of this discussion, we will assume the inverter is preceded by a 
“stiff” de source. For example, in Section 10.2, we saw how an LC filter can be used 
to produce a relatively constant dc output voltage from a rectifier. Thus, as shown 
in Fig. 10.39a, for our study of inverters we will represent such rectifier systems by 
a constant dc voltage source Vo, known as the dc bus voltage at the inverter input. 
We will refer to such a system, with a constant-dc input voltage, as a voltage-source 
inverter. 

Similarly, we saw that a “large” inductor in series with the rectifier output pro- 
duces a relatively constant dc current, known as the dc link current. We will therefore 


u(t) pr | o = VW 


/ 
—— 
é >t => bk {( | 


(b) 


Figure 10.39 Inverter-input representations. (a) Voltage source. 
(b) Current source. 
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represent such a rectifier system by a current source J at the inverter input. We will 
refer to this type of inverter as a current-source inverter. 

Note that, as we have seen in Section 10.2, the values of these dc sources can be 
varied by appropriate controls applied to the rectifier stage, such as the timing of gate 
pulses to SCRs in the rectifier bridge. Control of the magnitude of these sources in 
conjunction with controls applied to the inverter stage provides the flexibility required 
to produce a wide variety of output waveforms for various motor-drive applications. 


10.3.1 Single-Phase, H-bridge Step-Waveform Inverters 


Figure 10.40a shows a single-phase inverter configuration in which a load (consisting 
here of a series RL combination) is fed from a dc voltage source Vo through a set of 
four IGBTs in what is referred to as an H-bridge configuration. MOSFETs or other 
switching devices are equally applicable to this configuration. As we discussed in 
Section 10.1.3, the IGBTs in this system are used simply as switches. Because the 
IGBTs in this H-bridge include protection diodes, we can analyze the performance 
of this circuit by replacing the IGBTs by the ideal-switch model of Fig. 10.13b as 
shown in Fig. 10.40b. 

For our analysis of this inverter, we will assume that the switching times of this 
inverter (i.e., the length of time the switches remain ina constant state) are much longer 
than the load time constant L/R. Hence, on the time scale of interest, the load current 
will simply be equal to V_/R, with V, being determined by the state of the switches. 

Let us begin our investigation of this inverter configuration assuming that switches 
S1 and $3 are ON and that iy, is positive, as shown in Fig. 10.41a. Under this condition 
the load voltage is equal to Vo and the load current is thus equal to Vo/R. 

Let us next assume that switch $1 is turned OFF, while $3 remains ON. This 
will cause the load current, which cannot change instantaneously due to the presence 
of the inductor, to commutate from switch $1 to diode D2, as shown in Fig. 10.41b. 
Note that under this condition, the load voltage is zero and hence there will be zero 
load current. Note also that this same condition could have been reached by turning 
switch $3 OFF with $1 remaining ON. 


(a) (b) 
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Figure 10.40 Single-phase H-bridge inverter configuration. (a) Typical configuration using IGBTs. (b) Generic 


configuration using ideal switches. 
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Figure 10.41 Analysis of the H-bridge inverter of Fig. 10.40b. (a) Switches S1 and S3 ON. 
(b) Switch $3 ON. 


u(t) 


— Vo 


Figure 10.42 Typical output-voltage waveform for the 
H-bridge of Fig. 10.40. 


At this point, it is possible to reverse the load voltage and current by turning ON 
switches S2 and S4, in which case V, = —Vp and i, =—Vo/R. Finally, the current 
can be again brought to zero by turning OFF either switch S2 or switch S4. At this 
point, one cycle of an applied load-voltage waveform of the form of Fig. 10.42 has 
been completed. 

A typical waveform produced by the switching sequence described above is 
shown in Fig. 10.42, with an ON time of A, T and OFF time of A2T (Az = 0.5—A)) 
for both the positive and negative portions of the cycle. Such a waveform con- 
sists of a fundamental ac component of frequency fo = 1/T, where T is the period 
of the switching sequence, and components at odd-harmonics frequencies of that 
fundamental. 

The waveform of Fig. 10.42 can be considered a simple one-step approximation to 
a sinusoidal waveform. Fourier analysis can be used to show that it has a fundamental 
component of peak amplitude 


4 
Vit = (=) Vo sin (A\2) (10.21) 
8 
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and n’th-harmonic components (n = 3, 5, 7, ...) of peak amplitude 


Vin = (=) Vo sin (n Az) (10.22) 
nit 

Although this stepped waveform appears to be a rather crude approximation to 
a sinusoid, it clearly contains a significant fundamental component. In many appli- 
cations it is perfectly adequate as the output voltage of a motor-drive. For example, 
three-such waveforms, separated by 120° in time phase, could be used to drive a three- 
phase motor. The fundamental components would combine to produce a rotating flux 
wave as discussed in Chapter 4. In some motor-drive systems, LC filters, consisting 
of shunt capacitors operating in conjunction with the motor phase inductances, are 
used to reduce the harmonic voltages applied to the motor phase windings. 

In general, the higher-order harmonics, whose amplitudes vary inversely with 
their harmonic number, as seen from Eq. 10.22, will produce additional core loss in 
the stator as well as dissipation in the rotor. Provided that these additional losses are 
acceptable both from the point of view of motor heating as well as motor efficiency, a 
drive based upon this switching scheme will be quite adequate for many applications. 


| EXAMPLE 10.10 | 10.10 


A three-phase, H-bridge, voltage-source, step-waveform inverter will be built from three 
H-bridge inverter stages of the type shown in Fig. 10.40b. Each phase will be identical, with the 
exception that the switching pattern of each phase will be displaced by 1/3 of a period in time 
phase. This system will be used to drive a three-phase, four-pole motor with Nj, = 34 turns 
per phase and winding factor k,, = 0.94. The motor is Y-connected, and the inverters are each 
connected phase-to-neutral. 

For a de supply voltage of 125 V, a switching period T of 20 msec and with A, = 0.44, 
calculate (a) the frequency and synchronous speed in rpm of the resultant air-gap flux wave 
and (b) the rms amplitude of the line-to-line voltage applied to the motor. 


# Solution 


a. The frequency f, of the fundamental component of the drive voltage will equal 
fe =1/T = 50 Hz. From Eq. 4.41 this will produce an air-gap flux wave which rotates at 


120 120 
n, = (a. <— (2) 50 = 1500 r/min 
poles 4 


b. The peak of the fundamental component of the applied line-to-neutral voltage can be 
found from Eq. 10.21. 


4 4 
Ve (=) Vo sin(A,z) = (2) 125 sin (0.447) = 156V 


The resultant rms, line-to-line voltage is thus given by 


3 
Vi-tms _ V2 Va peak =191V 
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iL 


(a) (b) 


Figure 10.43 (a) H-bridge inverter configuration fed by a current source. (b) Typical stepped 
load-current waveform. 


| Practice Problem 10.9 | Problem 10.9 


For the three-phase inverter system of Example 10.10, (a) find the ON-time fraction A, for 
which the 5’th-harmonic component of the applied voltage will be zero. (b) Calculate the 
corresponding peak amplitude of the fundamental-component of the line-to-neutral voltage. 


Solution 


a. 0.2 
b. 93 V 


Figure 10.43a shows an H-bridge current-source inverter. This inverter config- 
uration is analogous to the voltage-source configuration of Fig. 10.40. In fact, the 
discussion of the voltage-source inverter applies directly to the current-source con- 
figuration with the exception that the switches control the load current instead of the 
load voltage. Thus, again assuming that the load time constant (L/R) is much shorter 
than the switching time, a typical load current waveform would be similar to that 
shown in Fig. 10.43b. 


EXAMPLE 10.11 


Determine a switching sequence for the inverter of Fig. 10.43a that will produce the stepped 
waveform of Fig. 10.43b. 


Solution 
Table 10.2 shows one such switching sequence, starting at time ¢ = 0 at which point the load 
current i; (t) = —Ip. 

Note that Zero load current is achieved by turning on two switches so as to bypass the load 
and to directly short the current source. When this is done, the load current will quickly decay 
to zero, flowing through one of the switches and one of the reverse-polarity diodes. In general, 
one would not apply such a direct short across the voltage source in a voltage-source inverter 
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Table 10.2 Switching sequence used to produce 
the load current waveform of Fig. 10.43b. 


i,(f) Sl S2 S3 S4 

—Iy OFF ON OFF ON 
0 ON ON OFF OFF 
Ih ON OFF ON OFF 
0 OFF OFF ON ON 

—Iy OFF ON OFF ON 


because the resultant current would most likely greatly exceed the ratings of the switches. 
However, in the case of a current-source inverter, the switch current cannot exceed that of the 
current source, and hence the direct short can be (and, in fact, must be) maintained for as long 
as it is desired to maintain zero load current. 


Consider the current-source inverter of Fig. 10.44a. Here the load consists of a sinusoidal 
voltage source V, cos wt. Assume the inverter switches are controlled such that the load cur- 
rent is a square-wave, also at frequency f =w/(27), as shown in Fig. 10.44b. Calculate 
the time-average power delivered to the load as a function of the delay angle a, as defined 
in Fig. 10.44b. 


# Solution 

Because the load voltage is sinusoidal, time-average power will only be produced by the 
fundamental component of the load current. By analogy to Eq. 10.21, with J) replacing Vp and 
with A, = 0.5, the amplitude of the fundamental-component of the load current is 


4 
Toy = ai rf) 
a 


(a) (b) 


Figure 10.44 (a) Current-source inverter for Example 10.12. (b) Load-current waveform. 
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and therefore the fundamental component of the load current is equal to 
2 4 
it (t) = IL, cos (wt — aq) = | — | Ip cos (wt — ag) 
u 


The complex amplitude of the load voltage is thus given by ¥, = V, and that of the load 
current is /, = [,.,e~/@4. Thus the time average power is equal to 


1 Bea 2 
P = ~Re[{/,V{] = (2) V, Ip COS ag 
2 u 


By varying the firing-delay angle a,, the power transferred from the source to the load 
can be varied. In fact, as a, is varied over the range 0 < a, < 7, the power will vary over the 


range 
2 2 
(2) Valo = P 2 -(2) Valo 
we 8 


Note that this inverter can regenerate; i.e., for 7/2 < ag < a, P < 0 and hence power will 
flow from the load back into the inverter. 


The inverter of Example 10.12 is operated with a fixed delay angle a, = 0 but with a variable 
ON-time fraction A,. Find an expression for the time-average power delivered to the load as a 
function of A,. 


Solution 


2 
P= (2) V, Jy sin (A, 7) 
nu 


10.3.2 Pulse-Width-Modulated Voltage-Source 
Inverters 


Let us again consider the H-bridge configuration of Fig. 10.40b, repeated again in 
Fig. 10.45. Again, an RL load is fed from a voltage source through the H-bridge. 
However, in this case, let us assume that the switching time of the inverter is much 
shorter than the load time constant (L/R). 

Consider a typical operating condition as shown in Fig. 10.46. Under this con- 
dition, the switches are operated with a period T and a duty cycle D (0 < D < 1). 
As can be seen from Fig. 10.46a, for a time DT switches $1 and S3 are ON, and the 
load voltage is Vo. This is followed by a time (1 — D)T during which switches S1 
and S3 are OFF, and the current is transferred to diodes D2 and D4, setting the load 
voltage equal to — Vo. The duty cycle D is thus a fraction of the total period, in this 
case the fraction of the period during which the load voltage is Vo. 
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Figure 10.45 Single-phase H-bridge inverter 
configuration. 


Note that although switches $2 and S4 would normally be turned ON after 
switches S1 and S3 are turned OFF (but not before they are turned OFF, to avoid 
a direct short across the voltage source) because they are actually semiconductor 
devices, they will not carry any current unless the load current goes negative. Rather, 
the current will flow through the protection diodes D1 and D3. Alternatively, if the 
load current is negative, then the current will be controlled by the operation of switches 
S2 and S4 in conjunction with diodes D1 and D3. Under this condition, switches $1 
and S3 will not carry current. 

This type of control is referred to as pulse-width modulation, or PWM, because 
it is implemented by varying the width of the voltage pulses applied to the load. As 
can be seen from Fig. 10.46a, the average voltage applied to the load is equal to 


(UL )avg = (2D = 1) Vo (10.23) 


As we will now show, varying the duty cycle under PWM control can produce a 
continuously varying load current. 

A typical load-current waveform is shown in Fig. 10.46b. In the steady state, 
the average current through the inductor will be constant and hence voltage across 
the inductor must equal zero. Thus, the average load current will equal the average 


i®s 
ae (it)max i 


Vo 


(itavg oof 


(b) 


Figure 10.46 Typical (a) voltage and (b) current waveform under PWM operation. 
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voltage divided by the resistance or 


é (UL )avg [2D = AVG 

(iL )avg _ R = R (10.24) 

Thus we see that by varying the duty cycle D over the range of 0 to 1, we can vary 
the load current over the range —Vo/R < (iL)avg < Vo/R. 

Because the current waveform is periodic, the maximum and minimum current, 
and hence the current ripple, can be easily calculated. Assigning time t = 0 to the 
time switches $1 and S3 are first turned ON and the load current is minimum, the 
current during this time period will be given by 


Vi 1 
int) = + (nin _ 2) et (0<t<DT) (10.25) 
R R 
where t = L/R. The maximum load current (iL)max is reached at time DT 
: Vo ‘ Vo\ _pr 
(iL) max = R a a Gs = 2) et (10.26) 


After switches $1 and S3 are turned OFF, the load voltage is — Vo and the current 
is given by 
(t - DT) 


iL(t) = -2 + (iudnn + 2) et (DT <t<T) (10.27) 


Because the current is periodic with period T, i, (t) again will be equal to (iL) min at 
time 7. Thus 


F Yi : vi _(@—DT) 
(iL) min = —— + ( (ét)max + ) e (10.28) 
R R 
Solving Eqs. 10.26 and 10.28 gives 
Vo E —2e T= 2} + ef] 
time -(%) Laas 
R (1-e-F) 
and 
Vi i - 2¢=PE + eF] 
(iL) max = (2) = (10.30) 
R)  (1—e-F) 


The current ripple Ai, can be calculated as the difference between the maximum 
and minimum current. 


Aiy = (tL)max — (iL) min (10.31) 


In the limit that T < 1, this can be written as 


Ai, © @ (+) Di — D) (10.32) 
R T 
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A PWM inverter such as that of Fig. 10.45 is operating from a de voltage of 48 V and driving 
a load with L =320 mH and R = 3.7 Q. For a switching frequency of | kHz, calculate the 
average load current, the minimum and maximum current, and the current ripple for a duty 
cycle D = 0.8. 


Solution 
From Eq. 10.24, the average load current will equal 


2D—1]V) 0.6 x 48 
aoe at = - =7.78A 


For a frequency of | kHz, the period T = | msec. The time constant tr = L/ R = 86.5 msec. 
(iL)min ANd (iL)max Can then be found from Eqs. 10.29 and 10.30 to be (ip) min = 7.76 A and 
(iL) max = 7.81 A. Thus the current ripple, calculated from Eq. 10.31, is 0.05 A, which is equal 
to 0.6 percent of the average load current. Alternatively, using the fact that 7/t = 0.012 < 1, 
the current ripple could have been calculated directly from Eq. 10.32 


NAT 2x48\ (1 
Ai, =(=2)(—)pa-p)= —— | x 0.8x 0.2=0.05 A 
‘ (7) (2) eee ( 3.7 ) (gs) « * 


Practice Problem 10.11 


Calculate (a) the average current and (0) the current ripple for the PWM inverter of Exam- 
ple 10.13 if the switching frequency is reduced to 250 Hz. 
Solution 


a. 7.78 A (unchanged from Example 10.13) 
b. 0.19 A 


Now let us consider the situation for which the duty cycle is varied with time, 
i.e., D = D(t). If D(t) varies slowly in comparison to the period T of the switching 
frequency, from Eq. 10.23, the average load voltage will be equal to 


(Lave = [2D(t) — 1] Vo (10.33) 
and the average load current will be 


(Deg = (10.34) 

Figure 10.47a illustrates a method for producing the variable duty cycle for this 
system. Here we see a saw-tooth waveform which varies between —1 and 1. Also 
shown is areference waveform W,¢¢(t) which is constrained to lie within the range —1 
and 1. The switches will be controlled in pairs. During the time that Wier(t) is greater 
than the saw-tooth waveform, switches S1 and S3 will be ON and the load voltage 
will be Vo. Similarly, when W,er(t) is less than the saw-tooth waveform, switches S2 
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Vo vw 


VO Sawtooth waveform 
(a) 
Vo I fq i 
0.9Vo 


—0.9Vo 
aml NULL Wu 


(b) 


Figure 10.47 (a) Method for producing a variable duty cycle 
from a reference waveform We;(t). (b) Load voltage and average 
load voltage for We(t) = 0.9 sin at. 


and S4 will be ON and the load voltage will be — Vo. Thus, 


pe = (ot Mast) 41038 
and thus 
(UL) avg = 2 (oe) _ | Vo = Wrer(t) Yo (10.36) 


Figure 10.47b shows the load voltage vu, (t) for a sinusoidal reference waveform 
Wrer(t) = 0.9 sin wt. The average voltage across the load, (UL)avg = Wrer(t) Vo, is also 
shown. 
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(a) 


Figure 10.48 Three-phase inverter configurations. (a) Voltage-source. (b) Current-source. 


Note that the H-bridge inverter configuration of Fig. 10.43 can be used to produce 
a PWM current-source inverter. In a fashion directly analogous to the derivation of 
Eq. 10.36, one can show that such an inverter would produce an average current of 
the form 


(iz avg = Weer (t) Lo (10.37) 


where Jp is the magnitude of the dc link current feeding the H-bridge. Note, however, 
that the sudden current swings between J) and —Jp associated with such an inverter 
will produce large voltages should the load have any inductive component. As a 
result, practical inverters of this type require large capacitive filters to absorb the 
harmonic components of the PWM current and to protect the load against damage 
due to voltage-induced insulation failure. 


10.3.3 Three-Phase Inverters 


Although the single-phase motor drives of Section 10.3.2 demonstrate the impor- 
tant characteristics of inverters, most variable-frequency drives are three phase. Fig- 
ures 10.48a and 10.48b show the basic configuration of three-phase motor inverters 
(voltage- and current-source respectively). Here we have shown the switches as ideal 
switches, recognizing that in a practical implementation, bidirectional capability will 
be achieved by a combination of a semiconductor switching device, such as an IGBT 
and a MOSFET, and a reverse-polarity diode. 

These configurations can be used to produce both stepped waveforms (either 
voltage-source or current-source) as well as pulse-width-modulated waveforms. This 
will be illustrated in the following example. 


EXAMPLE 10.14 


The three-phase current-source inverter configuration of Fig. 10.48b is to be used to produce 
a three-phase stepped current waveform of the form shown in Fig 10.49. (a) Determine the 
switch sequence over the period 0 < t < T and (b) calculate the fundamental, third, fifth, and 
seventh harmonics of the phase-a current waveform. 
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Figure 10.49 Three-phase stepped current waveform for 
Example 10.14. 


# Solution 


a. By observing that switch S1 is ON when the phase-a current is positive, switch $4 is ON 
when it is negative, and so forth, the following table of switching operations can be 
produced. 


¢ OH7/6) (T/6)-(T/3) (T/3)(T/2) (T/2)42T/3)  (2T/3)-(5T/6)  (5T/6)-T 


Sl ON OFF OFF OFF OFF ON 
S2. OFF ON ON OFF OFF OFF 
S3. OFF OFF OFF ON ON OFF 
S4. OFF OFF ON ON OFF OFF 
SS OFF OFF OFF OFF ON ON 
S6 ON ON OFF OFF OFF OFF 


b. The amplitudes of the harmonic components of the phase current can be determined from 
Eqs. 10.21 and 10.22 by setting A, = 1/3. Thus, 


273 
ha = (=) big =0 
2/3 2/3 
Ts = (=) Ty Ta7 _ (2) I 


10.4 SUMMARY 


The goal of this chapter is relatively modest. Our focus has been to introduce some 
basic principles of power electronics and to illustrate how they can be applied to 
the design of various power-conditioning circuits that are commonly found in motor 
drives. Although the discussion in this chapter is neither complete nor extensive, it 
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is intended to provide the background required to support the various discussions of 
motor control which are presented in this book. 

We began with a brief overview of a few of the available solid-state switching 
devices: diodes, SCRs, IGBTs and MOSFETs, and so on. We showed that, for the 
purposes of a preliminary analysis, it is quite sufficient to represent these devices as 
ideal switches. To emphasize the fact that they typically can pass only unidirectional 
current, we included ideal diodes in series with these switches. The simplest of these 
devices is the diode, which has only two terminals and is turned ON and OFF simply 
by the conditions of the external circuit. The remainder have a third terminal which 
can be used to turn the device ON and, in the case of transistors such as MOSFETS 
and IGBTs, OFF again. 

A typical variable-frequency, variable-voltage motor-drive system can be con- 
sidered to consist of three sections. The input section rectifies the power-frequency, 
fixed-voltage ac input and produces a dc voltage or current. The middle section filters 
the rectifier output, producing a relatively constant dc current or voltage, depending 
upon the type of drive under consideration. The output inverter section converts the dc 
to variable-frequency, variable-voltage ac voltages or currents which can be applied 
to the terminals of a motor. 

The simplest inverters we investigated produce stepped voltage or current wave- 
forms whose amplitude is equal to that of the dc source and whose frequency can 
be controlled by the timing of the inverter switches. To produce a variable-amplitude 
output waveform, it is necessary to apply additional control to the rectifier stage to 
vary the amplitude of the dc bus voltage or link current supplied to the inverter. 

We also discussed pulse-width-modulated voltage-source inverters. In this type 
of inverter, the voltage to the load is switched between Vp and —Vo such that the 
average load voltage is determined by the duty cycle of the switching waveform. 
Loads whose time constant is long compared to the switching time of the inverter 
will act as filters, and the load current will then be determined by the average load 
voltage. Pulse-width modulated current-source inverters were also discussed briefly. 

The reader should approach the presentation here with great caution. It is impor- 
tant to recognize that a complete treatment of power electronics and motor drives is 
typically the topic of a multiple-course sequence of study. Although the basic prin- 
ciples discussed here apply to a wide range of motor drives, there are many details 
which must be included in the design of practical motor drives. Drive circuitry to turn 
ON the “switches” (gate drives for SCRs, MOSFETs, IGBTs, etc.) must be carefully 
designed to provide sufficient drive to fully turn on the devices and to provide the 
proper switching sequences. The typical inverter includes a controller and a protection 
system which is quite elaborate. Typically, the design of a specific drive is dominated 
by the current and voltage ratings of available switches devices. This is especially true 
in the case of high-power drive systems in which switches must be connected in series 
and/or parallel to achieve the desired power rating. The reader is referred to references 
in the bibliography for a much more complete discussion of power electronics and 
inverter systems than has been presented here. 

Motor drives based upon the configurations discussed here can be used to con- 
trol motor speed and motor torque. In the case of ac machines, the application of 
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power-electronic based motor drives has resulted in performance that was previously 
available only with dc machines and has led to widespread use of these machines in 
most applications. 
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10.6 PROBLEMS 


10.1 Consider the half-wave rectifier circuit of Fig. 10.3a. The circuit is driven by 
a triangular voltage source v,(t) of amplitude Vp = 9 V as shown in 
Fig. 10.50. Assuming the diode to be ideal and for a resistor R = 1.5kQ: 
a. Plot the resistor voltage up(t). 

b. Calculate the rms value of the resistor voltage. 
c. Calculate the time-averaged power dissipation in the resistor. 

10.2 Repeat Problem 10.1 assuming the diode to have a fixed 0.6 V voltage 
drop when it is ON but to be otherwise ideal. In addition, calculate the 
time-averaged power dissipation in the diode. 

10.3 Consider the half-wave SCR rectifier circuit of Fig. 10.6 supplied from the 
triangular voltage source of Fig. 10.50. Assuming the SCR to be ideal, 
calculate the rms resistor voltage as a function of the firing-delay time 
ta (0 <t < T/2). 

10.4 Consider the rectifier system of Example 10.5. Write a MATLAB script to 
plot the ripple voltage as a function of filter capacitance as the filter 
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i 


— Vo 


Figure 10.50 Triangular voltage waveform. 


capacitance is varied over the range 3000 wF < C < 10° uF. Assume the 
diode to be ideal. Use a log-scale for the capacitance. 

10.5 Consider the full-wave rectifier system of Fig. 10.16 with R = 500 Q and 
C = 200 uF. Assume each diode to have a constant voltage drop of 0.7 V 
when it is ON but to be otherwise ideal. For a 220 V rms, 50 Hz sinusoidal 
source, write a MATLAB script to calculate 


a. the peak voltage across the load resistor. 


b. the magnitude of the ripple voltage. 
c. the time-averaged power supplied to the load resistor. 
d. the time-averaged power dissipation in the diode bridge. 
10.6 Consider the half-wave rectifier system of Fig. 10.51. The voltage source 
is Us(t) = Vo sinwt where Vo = 15 V, and the frequency is 100 Hz. For 
L=1 mH and R = 1 Q, plot the inductor current i, (t) for the first 1-1/2 
cycles of the applied waveform assuming the switch closes at time t = 0. 
10.7 Repeat Problem 10.6, using MATLAB to plot the inductor current for the first 
10 cycles following the switch closing at time ¢ = 0. (Hint: This problem 
can be easily solved, using simple Euler integration to solve for the current.) 


Switch 


Figure 10.51 Half-wave rectifier system for 
Problem 10.6. 
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10.8 


10.9 


i,(f) 
—_—> 


Figure 10.52 Half-wave rectifier system 
for Problem 10.8. 


Consider the half-wave rectifier system of Fig. 10.52 as L becomes 

sufficiently large such that w(L/R) >> 1, where w is the supply frequency. In 

this case, the inductor current will be essentially constant. For R = 5 Q and 

vs(t) = Vo sinwt where Vo = 45 V and wm = 1007 rad/sec. Assume the 

diodes to be ideal. 

a. Calculate the average (dc) value Vg, of the voltage v{(r) across the series 
resistor/inductor combination. 

b. Using the fact that, in the steady state, there will be zero average voltage 
across the inductor, calculate the dc inductor current Jy. 


c. Plot the instantaneous inductor voltage u(t) over one cycle of the supply 
voltage. 


d. Plot the instantaneous source current i,(f). 


Consider the half-wave, phase-controlled rectifier system of Fig. 10.53. This 

is essentially the same circuit as that of Problem 10.8 with the exception that 

diode D1 of Fig. 10.52 has been replaced by an SCR, which you can consider 

to be ideal. Let R = 5 Q and v,(t) = Vo sinwt, where Vo = 45 V and 

w = 1007 rad/sec. Assume that the inductor L is sufficiently large such that 

w(L/R) > | and that the SCR is triggered ON at time tg (0 < ty < 27/). 

a. Find an expression for the average (dc) value Vy, of the voltage vu, (t) 
across the series resistor/inductor combination as a function of the delay 
time fq. 


Figure 10.53 Half-wave, phase-controlled 
rectifier system for Problem 10.9. 
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Figure 10.54 Full-wave, phase-controlled rectifier system for 
Problem 10.10. 


b. Using the fact that, in the steady state, there will be zero average voltage 
across the inductor, find an expression for the de inductor current Jac, 
again as a function of the delay time fy. 

c. Plot Jy, as a function of tg for (0 < tg < 2/a). 

The half-wave, phase-controlled rectifier system of Problem 10.9 and 

Fig. 10.53 is to be replaced by the full-wave, phase-controlled system of 

Fig. 10.54. SCR T1 will be triggered ON at time tg (0 < tg < 2/w), and SCR 

T4 will be triggered on exactly one half cycle later. 

a. Find an expression for the average (dc) value Vg. of the voltage v;(t) 
across the series resistor/inductor combination as a function of the delay 
time fq. 

b. Using the fact that, in the steady state, there will be zero average voltage 
across the inductor, find an expression for the de inductor current Ig, 
again as a function of the delay time fq. 

c. Plot Ja. as a function of tg for (0 < tq < m/w). 

Plot the source current i,(t) for one cycle of the source voltage for 
ty = 3 msec. 

The full-wave, phase-controlled rectifier of Fig. 10.55 is supplying a highly 

inductive load such that the load current can be assumed to be purely dc, as 

represented by the current source J,, in the figure. The source voltage is a 


Figure 10.55 Full-wave, phase-controlled 
rectifier for Problem 10.11. 
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10.12 


10.13 


10.14 


v(t) 


sinusoid, v,(f) = Vo sinwt. As shown in Fig. 10.31, SCRs T1 and T3 are 
triggered together at delay angle wg (0 < ay < 2), and SCRs T2 and T4 are 
triggered exactly one-half cycle later. 
a. Forag=7/4: 
(i) Sketch the load voltage v{(t). 

(ii) Calculate the average (dc) value Vy, of v;(t). 

(iii) Calculate the time-averaged power supplied to the load. 
b. Repeat part (a) for ag = 37/4. 
A full-wave diode rectifier is fed from a 50-Hz, 220-V rms source whose 
series inductance is 12 mH. It drives a load with a resistance 8.4 Q which 
is sufficiently inductive that the load current can be considered to be 
essentially dc. 
a. Calculate the dc load current Jj, and the commutation time fc. 
b. Compare the de current of part (a) with the de current which would result 

if the commutating inductance could be eliminated from the system. 
A 1-kW, 85-V, permanent-magnet dc motor is to be driven from a full-wave, 
phase-controlled bridge such as is shown in Fig. 10.56. When operating at its 
rated voltage, the dc-motor has a no-load speed of 1725 r/min and an 
armature resistance R, = 0.82 Q. A large inductor (L = 580 mH) with 
resistance Ry = 0.39 Q has been inserted in series with the output of the 
rectifier bridge to reduce the ripple current applied to the motor. The source 
voltage is a 115-V rms, 60-Hz sinusoid. 

With the motor operating at a speed of 1650 r/min, the motor current is 
measured to be 7.6 A. 
a. Calculate the motor input power. 
b. Calculate the firing delay angle aq of the SCR bridge. 
Consider the de-motor drive system of Problem 10.13. To limit the starting 
current of the dc motor to twice its rated value, a controller will be used 
to adjust the initial firing-delay angle of the SCR bridge. Calculate the 
required firing-delay angle ag. 


Inductor 


motor 


Figure 10.56 Dc motor driven from a full-wave, phase-controlled rectifier. 
Problem 10.13. 
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10.15 A three-phase diode bridge is supplied by a three-phase autotransformer 
such that the line-to-line input voltage to the bridge can be varied from zero 
to 230 V. The output of the bridge is connected to the shunt field winding of 
a dc motor. The resistance of this winding is 158 92. The autotransformer is 
adjusted to produce a field current of 1.75 A. Calculate the rms output 
voltage of the autotransformer. 

10.16 A dc-motor shunt field winding of resistance 210 Q is to be supplied from 
a 220-V rms, 50-Hz, three-phase source through a three-phase, phase- 
controlled rectifier. Calculate the delay angle aq which will result in a field 
current of 1.1 A. 

10.17 A superconducting magnet has an inductance of 4.9 H, a resistance of 
3.6 mQ, and a rated operating current of 80 A. It will be supplied from a 
15-V rms, three-phase source through a three-phase, phase-controlled 
bridge. It is desired to “charge” the magnet at a constant rate to achieve rated 
current in 25 seconds. 

a. Calculate the firing-delay angle wg required to achieve this objective. 


b. Calculate the firing-delay angle required to maintain a constant current 
of 80 A. 
10.18 A voltage-source H-bridge inverter is used to produce the stepped waveform 
v(t) shown in Fig. 10.57. For Vo = 50 V, T = 10 msec and D = 0.3: 
a. Using Fourier analysis, find the amplitude of the fundamental time- 
harmonic component of v(f). 
b. Use the MATLAB ‘fftQ)’ function to find the amplitudes of the first 10 
time harmonics of v(t). 
10.19 Consider the stepped voltage waveform of Problem 10.18 and Fig. 10.57. 
a. Using Fourier analysis, find the value of D (0 < D < 0.5) such that the 
amplitude of the third-harmonic component of the voltage waveform 
is zero. 


Figure 10.57 Stepped voltage waveform for Problem 10.18. 
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Figure 10.58 Stepped current waveform for Problem 10.20. 


b. Use the MATLAB ‘fft()’ function to find the amplitudes of the first 10 
time harmonics of the resulting waveform. 
10.20 Consider Example 10.12 in which a current-source inverter is driving a load 
consisting of a sinusoidal voltage. The inverter is controlled to produce the 
stepped current waveform shown in Fig. 10.58. 


a. Create a table showing the switching sequence required to produce the 
specified waveform and the time period during which each switch is 
either ON or OFF. 


b. Express the fundamental component of the current waveform in the form 
i,(t) = 1 cos (wt + ¢) 


where /; and ¢; are functions of Jo, D and the delay angle aq. 
c. Derive an expression for the time-averaged power delivered to the 
voltage source ui (t) = V, cos wt. 

10.21 A PWM inverter such as that of Fig. 10.45 is operating from a dc voltage of 
75 V and driving a load with L = 53 mH and R = 1.7 Q. For a switching 
frequency of 1500 Hz, calculate the average load current, the minimum and 
maximum current, and the current ripple for a duty cycle D = 0.7. 


CHAP 


Speed and Torque 
Control 


he objective of this chapter is to discuss various techniques for the control of 

electric machines. Since an in-depth discussion of this topic is both too exten- 

sive for a single chapter and beyond the scope of this book, the presentation 
here will necessarily be introductory in nature. We will present basic techniques for 
speed and torque control and will illustrate typical configurations of drive electronics 
that are used to implement the control algorithms. This chapter will build upon the 
discussion of power electronics in Chapter 10. 

Note that the discussion of this chapter is limited to steady-state operation. The 
steady-state picture presented here is quite adequate for a wide variety of electric- 
machine applications. However, the reader is cautioned that system dynamics can play 
a critical role in some applications, with concerns ranging from speed of response to 
overall system stability. Although the techniques presented here form the basis for 
dynamic analyses, the constraints of an introductory textbook are such that a more 
extensive discussion, including transient and dynamic behavior, is not possible. 

In the discussion of torque control for synchronous and induction machines, 
the techniques of field-oriented or vector control are introduced and the analogy is 
made with torque control in dc motors. This material is somewhat more sophisticated 
mathematically than the speed-control discussion and requires application of the 
dq0 transformations developed in Appendix C. The chapter is written such that this 
material can be omitted at the discretion of the instructor without detracting from the 
discussion of speed control. 


11.1 CONTROL OF DC MOTORS 


Before the widespread application of power-electronic drives to control ac machines, 
dc motors were by far the machines of choice in applications requiring flexibility of 
control. Although in recent years ac drives have become quite common, the ease of 
control of dc machines insure their continued use in many applications. 
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11.1.1 Speed Control 


The three most common speed-control methods for dc motors are adjustment of the 
flux, usually by means of field-current control, adjustment of the resistance associated 
with the armature circuit, and adjustment of the armature terminal voltage. 


Field-Current Control In part because it involves control at a relatively low power 
level (the power into the field winding is typically a small fraction of the power into 
the armature of a dc machine), field-current control is frequently used to control the 
speed of a dc motor with separately excited or shunt field windings. The equivalent 
circuit for a separately excited dc machine is found in Fig. 7.4a and is repeated in 
Fig. 11.1. The method is, of course, also applicable to compound motors. The shunt 
field current can be adjusted by means of a variable resistance in series with the shunt 
field. Alternatively, the field current can be supplied by power-electronic circuits 
which can be used to rapidly change the field current in response to a wide variety of 
control signals. 

Figure 11.2a shows in schematic form a switching scheme for pulse-width modu- 
lation of the field voltage. This system closely resembles the pulse-width modulation 
system discussed in Section 10.3.2. It consists of a rectifier which rectifies the ac 
input voltage, a dc-link capacitor which filters the rectified voltage, producing a dc 
voltage Vg, and a pulse-width modulator. 

In this system, because only a unidirectional field current is required, the pulse- 
width modulator consists of a single switch and a free-wheeling diode rather than the 
more complex four-switch arrangement of Fig. 10.45. Assuming both the switch and 
diode to be ideal, the average voltage across the field winding will be equal to 


Vi = DVc (11.1) 


where D is the duty cycle of the switching waveform; i.e., D is the fraction of time 
that the switch S is on. 

Figure 11.2b shows the resultant field current. Because in the steady-state the 
average voltage across the inductor must equal zero, the average field current /, will 


thus be equal to 
Vi V. 
n= =0(%) (11.2) 


Armature Field 


Figure 11.1 Equivalent circuit for a separately 
excited dc motor. 
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WN es MS 
Rectifier DC link Pulse-width Field winding 
modulator 


(a) 


(b) 


Figure 11.2 (a) Pulse-width modulation system for a dc-machine field 
winding. (b) Field-current waveform. 


Thus, the field current can be controlled simply by controlling the duty cycle of the 
pulse-width modulator. If the field-winding time constant L;/R¢ is long compared 
to the switching time, the ripple current Aig will be small compared to the average 
current [. 


Be EXAMPLE 11.1 | 


A 25-kW, 3600 r/min, 240-V dc motor has an armature resistance of 47 mQ and a shunt-field 
with a resistance of 187 &2 and an inductance of 4.2 H. Calculate (a) the average field current J; 
and (b) the magnitude of the current ripple Air when the field winding is supplied from a 240 V 
dc source by pulse-width modulation with a duty cycle D = 0.75 and a switching period 
of 1 msec. 


@ Solution 


a. The average field current is readily found from Eq. 11.2 


Practice Problem 11.1 
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b. The field time constant t = L;/R; = 22.5 msec is much longer that the switching period 
of 1 msec. Thus, the ripple current can be calculated using Eq. 10.32 as 


2 x 240 1 


= 21.4mA 


The duty-cycle D of the dc-motor controller of Example 11.1 is suddenly switched from 0.75 
to 1.0. Calculate (a) the resultant steady-state field current and (b) the time constant for the 
change from the initial value of 1.08 A to the new final value. 


Solution 


a. 128A 
b. 22.5 msec 


To examine the effect of field-current control, let us begin with the case of a dc 
motor driving a load of constant torque Tioga. From Eqs. 7.9 and 7.14, the generated 
voltage of a dc motor can be written as 


E, = Klean (11.3) 


where /+ is the average field current, w, 1s the angular velocity in rad/sec, and Kr = 
K.P Nf is a geometric constant which depends upon the dimensions of the motor, 
the properties of the magnetic material used to construct the motor, as well as the 
number of turns in the field winding. Note that strictly speaking, Kr is not constant 
since it is proportional to the direct-axis permeance, which typically varies as the 
flux-level in the motor increases to the point that the effects of magnetic saturation 
become significant. 
The electromagnetic torque is given by Eq. 7.16 as 


Eyl 
Tmech = - = Kelly (11.4) 


m 


and the armature current can be seen from the equivalent circuit of Fig. 11.1 to be 
given by 
(Va — Ea) 


I, = 115 
a R (11.5) 
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Setting the motor torque equal to Ticag, Eqs. 11.3 through 11.5 can be solved 
for @m 


Tioa Ra 
(Vi= Ry. Ve) 
ip Oe (11.6) 
Kel K¢le 


From Eq. 11.6, recognizing that the armature resistance voltage drop /,R, is 
generally quite small in comparison to the armature voltage V,, we see that for a given 
load torque, the motor speed will increase with decreasing field current and decrease 
as the field current is increased. The lowest speed obtainable is that corresponding 
to maximum field current (the field current is limited by heating considerations); the 
highest speed is limited mechanically by the mechanical integrity of the rotor and 
electrically by the effects of armature reaction under weak-field conditions giving 
rise to poor commutation. 

Armature current is typically limited by motor cooling capability. In many dc 
motors, cooling is aided by a shaft-driven fan whose cooling capacity is a function 
of motor speed. To examine in an approximate fashion the limitations on the allow- 
able continuous motor output as the speed is changed, we will neglect the influence 
of changing ventilation and assume that the armature current /, cannot exceed its 
rated value, in order to insure that the motor will not overheat. In addition, in our 
approximate argument we will neglect the effect of rotational losses (which of course 
also change with motor speed). Because the voltage drop across the armature resis- 
tance is relatively small, the speed voltage £, will remain essentially constant at a 
value slightly below the applied armature voltage; any change in field current will be 
compenstated for by a change in motor speed. 

Thus under constant-terminal-voltage operation with varying field current, the 
E,1, product, and hence the allowable motor output power, remain substantially 
constant as the speed is varied. A dc motor controlled in this fashion is referred to as 
a constant-power drive. Torque, however, varies directly with field flux and therefore 
has its highest allowable value at the highest field current and hence lowest speed. 
Field-current control is thus best suited to drives requiring increased torque at low 
speeds. When a motor so controlled is used with a load requiring constant torque over 
the speed range, the rating and size of the machine are determined by the product of 
the torque and the highest speed. Such a drive is inherently oversized at the lower 
speeds, which is the principal economic factor limiting the practical speed range of 
large motors. 


With an armature terminal voltage of 240 V and with a shunt-field current of 0.34 A, the no-load 
speed of the de motor of Example 11.1 is found to be 3600 r/min. In this example, the motor 
is assumed to be driving a load which varies with speed as 
P= o24 (a) kW 
3600 
where n is the motor speed in r/min. A rheostat is to be installed in series with the shunt field to 
vary the speed. Assuming the armature terminal voltage to remain constant at 240 V, calculate 
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the required resistance range if the speed is to be varied between 1800 and 3600 r/min. The 
effect of rotational losses can be ignored. 


H Solution 
The load torque is equal to the load power divided by the motor speed w,, expressed in rad/sec. 
First expressing the power in terms of w, 


w, 3 
Proad == 22.4 = kW 
is () 


The load torque is then given by 


P, load 


Thoad = 


2 
=22.4( —S=_ | = 4.18 x 10~w? N-m 
(1207) 


m 


Thus, at 1800 r/min, w,, =607 and Tigag = 14.9 N-m. At 3600 r/min, w@, = 1207 and Tioag = 
59.4 N-m. 

Before solving for /;, we must find the value of K;, which can be found from the no- 
load data. Specifically, we see that with a terminal voltage of 240-V and at a no-load speed 
of 3600 r/min (w,, = 120s), the corresponding field current is 0.34 A. Since under no-load 
conditions E, ~ V,, we can find K; from Eq. 11.3 as 


oe 240 
~ Tim 0.34 x 1202 


K; = 1.87 V/(A - rad/sec) 


To find the required field current, we can solve Eq.11.6 for J; 


V, 4, im Lioa R, 
= teats “Om t load Na 
2K;Qm y2 


a 


Recognizing that R, is small and hence that /; + V,/(K;@) we See that the positive sign should 
be used and thus 


Vi 40m Toad Ra 
l= 1+,/1-——=* 
i ex ( is v2 ) 


Once the field current has been found, the total field resistance can be found as 
V, 240 
(Reto = ie = aie 
and the required added rheostat resistance can be found by subtracting the resistance of the 
shunt-field winding (187 82) from (R>)tota- 

This leads to the following table: 


r/min Tioaa [N - mi] I, [A] (Ry)eotar [2] Reneostat [2] 


1800 14.9 0.678 354 167 
3600 59.4 0.334 719 532 


Thus, the rheostat must be able to cover the range from 166 22 to 532 2. 
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Practice Problem 11.2 


The rheostat of Example 11.2 is to be replaced by a duty cycle controller operating from the 
240-V dc supply. Calculate the duty-cycle range required to achieve operation over the speed 
range of 1800-3600 r/min as specified in Example 11.2. 


Solution 
0.26 < D < 0.53 


Armature-Circuit Resistance Control Armature-circuit resistance control pro- 
vides a means of obtaining reduced speed by the insertion of external series resistance 
in the armature circuit. It can be used with series, shunt, and compound motors; for the 
last two types, the series resistor must be connected between the shunt field and the 
armature, not between the line and the motor. It is acommon method of speed control 
for series motors and is generally analogous in action to wound-rotor-induction-motor 
control by the addition of external series rotor resistance. 

Depending upon the value of the series armature resistance, the speed may vary 
significantly with load, since the speed depends on the voltage drop in this resistance 
and hence on the armature current demanded by the load. For example, a 1200-1/min 
shunt motor whose speed under load is reduced to 750 r/min by series armature re- 
sistance will return to almost 1200-r/min operation if the load is removed because 
the no-load current produces a voltage drop across the series resistance which is in- 
significant. The disadvantage of poor speed regulation may not be important in a series 
motor, which is used only where varying-speed service is required or can be tolerated. 

A significant disadvantage of this method of speed control is that the power loss 
in the external resistor is large, especially when the speed is greatly reduced. In fact, 
for a constant-torque load, the power input to the motor plus resistor remains constant, 
while the power output to the load decreases in proportion to the speed. Operating 
costs are therefore comparatively high for lengthy operation at reduced speeds. Be- 
cause of its low initial cost however, the series-resistance method (or the variation of it 
discussed in the next paragraph) will often be attractive economically for applications 
which require only short-time or intermittent speed reduction. Unlike field-current 
control, armature-resistance control results in a constant-torque drive because both 
the field-flux and, to a first approximation, the allowable armature current remain 
constant as speed changes. 

A variation of this control scheme is given by the shunted-armature method, 
which may be applied to a series motor, as in Fig. 11.3a, or a shunt motor, as in 
Fig. 11.3b. In effect, resistors R; and R act as a voltage divider applying a reduced 
voltage to the armature. Greater flexibility is possible because two resistors can now 
be adjusted to provide the desired performance. For series motors, the no-load speed 
can be adjusted to a finite, reasonable value, and the scheme is therefore applicable to 
the production of slow speeds at light loads. For shunt motors, the speed regulation in 
the low-speed range is appreciably improved because the no-load speed is definitely 
lower than the value with no controlling resistors. 
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Series 
field 


(a) 


Figure 11.3 Shunted-armature method of speed control applied 
to (a) a series motor and (b) a shunt motor. 


Armature-Terminal Voltage Control Armature-terminal voltage control can be 
readily accomplished with the use of power-electronic systems such as those dis- 
cussed in Chapter 10. Figure 11.4 shows in somewhat schematic form three possible 
configurations. In Fig. 11.4a, a phase-controlled rectifier in combination with a dc- 
link filter capacitor can be used to produce a variable dc-link voltage which can be 
applied directly to the armature terminals of the de motor. 

In Fig. 11.4b, a constant dc-link voltage is produced by a diode rectifier in combi- 
nation with a dc-link filter capacitor. The armature terminal voltage is then varied by 
a pulse-width modulation scheme in which switch S is alternately opened and closed. 
When switch S is closed, the armature voltage is equal to the dc-link voltage Va,, and 
when the switch is opened, current transfers to the freewheeling diode, essentially 
setting the armature voltage to zero. Thus the average armature voltage under this 
condition is equal to 


V, = DVac (11.7) 


Figure 11.4 Three typical configurations for armature-voitage control. (a) Variable dc-link voltage (produced 
by a phase-controlled rectifier) applied directly to the dc-motor armature terminals. (b) Constant dc-link voltage 
with single-polarity pulse-width modulation. (c) Constant dc-link voltage with a full H-bridge. 
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where 


V, = average armature voltage (V) 
Vac = dc-link voltage (V) 
D = PWM duty cycle (fraction of time that switch S is closed) 


Figure 11.4c shows an H-bridge configuration as is discussed in the context of 
inverters in Section 10.3.3. Note that if switch $3 is held closed while switch S4 
remains open, this configuration reduces to that of Fig. 11.4b. However, the H-bridge 
configuration is more flexible because it can produce both positive- and negative- 
polarity armature voltage. For example, with switches $1 and S3 closed, the armature 
voltage is equal to Vg, while with switches S2 and S4 closed, the armature voltage 
is equal to —Vg,. Clearly, using such an H-bridge configuration in combination with 
an appropriate choice of control signals to the switches allows this PWM system to 
achieve any desired armature voltage in the range —Vap < Va < Vac. 

Armature-voltage control takes advantage of the fact that, because the voltage 
drop across the armature resistance is relatively small, a change in the armature 
terminal voltage of a shunt motor is accompanied in the steady state by a substantially 
equal change in the speed voltage. With constant shunt field current and hence field 
flux, this change in speed voltage must be accompanied by a proportional change in 
motor speed. Thus, motor speed can be controlled directly by means of the armature 
terminal voltage. 


A 500-V, 100-hp, 2500 r/min, separately excited de motor has the following parameters: 


Field resistance: R; = 109 Q 
Rated field voltage: Vio = 300 V 
Armature resistance: R, = 0.084 Q 


Geometric constant: K; = 0.694 V/(A - rad/sec) 


Assuming the field voltage to be held constant at 300 V, use MATLABY to plot the motor 
speed as a function of armature voltage with the motor operating under no-load and also under 
rated full-load torque as the armature voltage is varied from 250 V to 500 V. 


@ Solution 
From Eq. 11.4 
Tks 
| ee el 
Ka; 


and from Eq. 11.5 
Vz = E, a Vz ‘=a Kl 


Le = 
R, R, 


+ MATLAB is a registered trademark of The MathWorks, Inc. 
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Hence we can solve for @, 


Y. on (42a) 


Kels 


On = 
K;1; 
and the speed in r/min as 
n=(— ] On 
u 
Finally, the field current is 
Vv, 300 
=— = —=2,75A 
"R109 


and the rated full-load torque is given by 


Pres 100 x 746 
(@m)ratea 2500 x (3) 


30 


=285N-m 


Trated = 


Figure 11.5 is the desired plot. Notice that the speed drops approximately 63 r/min as the 
torque is increased from zero to full-load, independent of the armature voltage and machine 
speed. 


2500 -— T T 


+ = Zero torque 


© = Full-load torque 


2000 


1500 - 


1000 


Armature voltage [V] 


Figure 11.5 A plot of speed versus armature voltage for the dc motor of Example 11.3. 
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Here is the MATLAB script: 
cle 
clear 


% Motor parameters 


R£ = 109; 
Ra = 0.084; 
KE = 0.694; 


% Constant field voltage 
V£ = 300; 


% Resulting field current 
If = VE£/RE; 


% Rated speed in rad/sec 
omegarated = 2500*(pi/30); 


% Rated power in Watts 
Prated = 100*746; 


% Rated torque in N-m 
Trated = Prated/omegarated; 


% Vary the armature voltage from 250 to 500 V 
% and calculate speed. 


for n=1:101 
Va(n) = 250 * (1 + (n-1)/100); 


% Zero torque 


T=" Oy 
omega = (Va(n)- T*Ra/ (KE*I£))/(K£*I£E); 
NoLoadRPM(n) = omega*30/pi; 
% Full-load torque 
T = Trated; 
omega = (Va(n)- T*Ra/ (KE*I£))/(KE*I£); 
FullLoadRPM(n) = omega*30/pi; 
end 


plot (Va, NoLoadRPM) 


hold 

plot (va ) ,NoLoadRPM(20),’+’) 
plot (va ) ,NoLoadRPM(50),’+’) 
plot (Va ane NoLoadRPM(80),’+’) 
plot (Va, FullLoadRPM) 

plot (va(20) ,FullLoadRPM(20),’0’) 
plot (Va(50),PFPullLoadRPM(50),’0’) 
plot (Va(80) ,FullLoadRPM(80),’0’) 
hold 


xlabel(’Armature voltage [V]’) 
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ylabel(’Speed [r/min]’) 
text (270,2300,'’+ = Zero torque’) 
text (270,2100,’o = Full-load torque’ ) 


Calculate the change in armature voltage required to maintain the motor of Example 11.3 at a 
speed of 2000 r/min as the load is changed from zero to full-load torque. 


Solution 
12.5 V 


Frequently the control of motor voltage is combined with field-current control 
in order to achieve the widest possible speed range. With such dual control, base 
speed can be defined as the normal-armature-voltage, full-field speed of the motor. 
Speeds above base speed are obtained by reducing the field current; speeds below 
base speed are obtained by armature-voltage control. As discussed in connection with 
field-current control, the range above base speed is that of a constant-power drive. 
The range below base speed is that of a constant-torque drive because, as in armature- 
resistance control, the flux and the allowable armature current remain approximately 
constant. The overall output limitations are therefore as shown in Fig. 11.6a for 
approximate allowable torque and in Fig. 11.6b for approximate allowable power. 
The constant-torque characteristic is well suited to many applications in the machine- 
tool industry, where many loads consist largely of overcoming the friction of moving 
parts and hence have essentially constant torque requirements. 

The speed regulation and the limitations on the speed range above base speed are 
those already presented with reference to field-current control; the maximum speed 
thus does not ordinarily exceed four times base speed and preferably not twice base 
speed. For conventional machines, the lower limit for reliable and stable operation is 


Constant power 


Constant torque 


g 5 
QD vo 
a2 a2 
Es Constant power = & 
%Q P ‘ee 
5g £8 
< = |Armature-voltage| Field-current < = voltage | Field-current 
control control control | control 
— | ——*~——! 
0 Base Maximum 0 Base Maximum 
speed speed speed speed 
Speed Speed 


(a) (b) 


Figure 11.6 (a) Torque and (b) power limitations of combined armature-voltage and 
field-current methods of speed control. 
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Speed 
ret controller 
Figure 11.7 Block diagram for a 
speed-control system for a separately 
excited or shunt-connected dc motor. 


about one-tenth of base speed, corresponding to a total maximum-to-minimum range 
not exceeding 40:1. 

With armature reaction ignored, the decrease in speed from no-load to full-load 
torque is caused entirely by the full-load armature-resistance voltage drop in the 
de generator and motor. This full-load armature-resistance voltage drop is constant 
over the voltage-control range, since full-load torque and hence full-load current 
are usually regarded as constant in that range. When measured in r/min, therefore, 
the speed decrease from no-load to full-load torque is a constant, independent of the 
no-load speed, as we saw in Example 11.3. The torque-speed curves accordingly are 
closely approximated by a series of parallel straight lines for the various motor-field 
adjustments. Note that a speed decrease of, say, 40 r/min from a no-load speed of 
1200 r/min is often of little importance; a decrease of 40 r/min from a no-load speed 
of 120 r/min, however, may at times be of critical importance and require corrective 
steps in the layout of the system. 

Figure 11.7 shows a block diagram of a feedback-control system that can be used 
to regulate the speed of a separately excited or shunt-connected dc motor. The inputs 
to the dc-motor block include the armature voltage and the field current as well as 
the load torque Tigaa. The resultant motor speed @, is fed back to a controller block 
which represents both the control logic and power electronics and which controls the 
armature voltage and field current applied to the dc motor, based upon a reference 
speed signal @,.¢. Depending upon the design of the controller, with such a scheme 
it is possible to control the steady-state motor speed to a high degree of accuracy 
independent of the variations in the load torque. 


es EXAMPLE 11.4 | 


Figure 11.8 shows the block diagram for a simple speed control system to be applied to the dc 
motor of Example 11.3. In this controller, the field voltage is held constant (not shown) at its 
rated value of 300 V. Thus, the control is applied only to the armature voltage and takes the form 


V, = V0 + G (rer = Qm) 


where V,y is the armature voltage when w,, = @r¢ and G is a multiplicative constant. 
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ef 


Figure 11.8 Simple dc-motor speed 
controller for Example 11.4. 


With the reference speed set to 2000 r/min (er = 2000 x 2/30), calculate Vig and G so 
that the motor speed is 2000 r/min at no load and drops only by 25 r/min when the torque is 
increased to its rated full-load value. 


@ Solution 
As was found in Example 11.3, the field current under this condition will be 2.75 A. At no 
load, 2000 r/min, 
V, © Ey = K;him = 0.694 x 2.75 x 2000 (=) = 400 V 
and thus Vig = 400 V. 
The full load torque was found in Example 11.3 to be Traeg = 285 N-m and thus the 
armature current required to achieve rated full-load torque can be found from Eq. 11.4 


ase Trated 285 
* Kyl; (0.694 x 2.75 


= 149A 


Ata speed of 1975 r/min, E, will be given by 
E, = Kelr@p = 0.694 x 2.75 x 1975 (=) = 395V 


and thus 
V, = E,+1,R, = 395 + 149 x 0.084 = 408 V 


Solving for G gives 
Vea Van. 408 — 400 


G= ee ee 
et —@m (2000 — 1975) (3) 


= 3.06 V- sec/rad 


Practice Problem 11.4 


If the load torque in Example 1 1.4 is equal to half of the rated full-load torque, calculate (a) the 
speed of the motor and (b) the corresponding load power. 
Solution 


a. 1988 r/min 
b. 29.6 kW 
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In the case of permanent-magnet dc motors, the field flux is, of course, fixed 
by the permanent magnet (with the possible exception of any effects of temperature 
changes on the magnet properties as the motor heats up). From Eqs. 11.3 and 11.4, 
we see that the voltage generated voltage can be written in the form 


E, = Kn@m (11.8) 
and that the electromagnetic torque can be written as 
Tech = Kwmla (11.9) 


Comparison of Eqs. 11.8 and 11.9 with Eqs. 11.3 and 11.4 show that the analysis 
of a permanent-magnet dc motor is identical to that of a shunt or separately excited 
de motor with the exception that the torque-constant K,, must be substituted for the 
term Kel;. 


The permanent-magnet dc motor of Example 7.9 has an armature resistance of 1.03 Q and a 
torque constant K, = 0.22 V/(rad/sec). Assume the motor to be driving a constant power load 
of 800 W (including rotational losses), and calculate the motor speed as the armature voltage 
is varied from 40 to 50 V. 


@ Solution 
The motor power output (including rotational losses) is given by the product E,/, and thus we 
can write 


Proad = Ela = KnOnl, 


Solving for @, gives 
Proad 
On = > 
Kal, 
The armature current can be written as 
te (V, _ E,) = (V, = Kn@m) 


q, 
R, R, 


These two equations can be combined to give an equation for @,, of the form 


from which we can find 


V, 4Proad Ra 
n= by fi 
a Oe: | | 


Recognizing that, if the voltage drop across the armature resistance is small, V, + E, = 
K,»@m, We pick the positive sign and thus 


V, 4 Proaa Ra 
im = l ia 
wa KE si v2 
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Substituting values, we find that for V, = 40 V, w, = 169.2 rad/sec (1616 r/min) and for 
V, = 50 V, @, = 217.5 rad/sec (2077 r/min). 


Calculate the speed variation (in r/min) of the permanent-magnet de motor of Example 11.5 if 
the armature voltage is held constant at 50 V and the load power varies from 100 W to 500 W. 


Solution 
2077 r/min to 1540 r/min 


11.1.2 Torque Control 


As we have seen, the electromagnetic torque of a dc motor is proportional to the 
armature current /, and is given by 


Tmech = Kelsla (11.10) 
in the case of a separately excited or shunt motor and 
Tech = Kmla (11.11) 


in the case of a permanent-magnet motor. 

From these equations we see that torque can be controlled directly by controlling 
the armature current. Fig. 11.9 shows three possible configurations. In Fig. 11.9a, a 
phase-controlled rectifier, in combination with a dc-link filter inductor, can be used 
to create a variable dc-link current which can be applied directly to the armature 
terminals of the dc motor. 

In Fig. 11.9b, a constant dc-link current is produced by a diode rectifier. The 
armature terminal voltage is then varied by a pulse-width modulation scheme in 
which switch S is alternately opened and closed. When switch S is opened, the current 
Is, flows into the dc-motor armature while when switch S is closed, the armature is 


S; i, S4 
— 
ue) 
tee a) s S2 S3 


(b) (c) 


Figure 11.9 Three typical configurations for armature-current control. (a) Variable dc-link current 
(produced by a phase-controlled rectifier) applied directly to the dc-motor armature terminals. (6) Constant 
dc-link current with single-polarity pulse-width modulation. (c) Constant dc-link current with a full H-bridge. 
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Vref controller 
Figure 11.10 Block diagram of a dc-motor 
speed-control system using direct-contro! 
of motor torque. 


shorted and /, decays. Thus, the duty cycle of switch S will control the average current 
into the armature. 

Finally, Fig 11.9c shows an H-bridge configuration as is discussed in the context 
of inverters in Section 10.3.2. Appropriate control of the four switches $1 through 
S4 allows this PWM system to achieve any desired armature average current in the 
range —Ige < Ia < Luc. 

Note that in each of the PWM configurations of Fig. 11.9b and c, rapid changes in 
instantaneous current through the dc machine armature can give rise to large voltage 
spikes, which can damage the machine insulation as well as give rise to flashover and 
voltage breakdown of the commutator. In order to eliminate these effects, a practical 
system must include some sort of filter across the armature terminals (such as a 
large capacitor) to limit the voltage rise and to provide a low-impedance path for the 
high-frequency components of the drive current. 

Figure 11.10 shows a typical configuration in which the torque control is sur- 
rounded by a speed-feedback loop. This looks similar to the speed control of Fig. 11.7. 
However, instead of controlling the armature voltage, in this case the output of the 
speed controller is a torque reference signal T;-¢ which in turn serves as the input to 
the torque controller. One advantage of such a system is that it automatically limits 
the dc-motor armature current to acceptable levels under all operating conditions, as 
is shown in Example 11.6. 


ee EXAMPLE 11.6 _ 


Consider the 100-hp de motor of Examples 11.3 and 11.4 to be driving a load whose torque 
varies linearly with speed such that it equals rated full-load torque (285 N-m) at a speed of 
2500 r/min. We will assume the combined moment of inertia of the motor and load to equal 
0.92 kg-m’. The field voltage is to be held constant at 300 V. 


a, Calculate the armature voltage and current required to achieve speeds of 2000 and 
2500 r/min. 

b. Assume that the motor is operated from an armature-voltage controller and that the 
armature voltage is suddenly switched from its 2000 r/min to its 2500 r/min value. 
Calculate the resultant motor speed and armature current as a function of time. 
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c. Assume that the motor is operated from an armature-current controller and that the 
armature current is suddenly switched from its 2000 r/min to its 2500 r/min value. 
Calculate the resultant motor speed as a function of time. 


@ Solution 


a. Neglecting any rotational losses, the armature current can be found from Eq. 11.4 by 
setting Trrech =, Thoad 


Substituting 


where n is the motor speed in r/min, n; = 2500 r/min and T; = 285 N-m gives 


_ ats 
.* n; Kyl; 


Solving for V, = E, + 1,R, then allows us to complete the following table: 


r/min wm [rad/sec] V, [V] I, [A] Troaa [N +m] 


2000 209 410 119 228 
2500 262 513 149 285 


b. The dynamic equation governing the speed of the motor is 


dwn 
dt = Lmech — Tioad 


J 


Substituting @, = (7 /30)n and w, = (71 /30)n; we can write 


Troad = — | ®n 
Wr 


Under armature-voltage control, 


Veo EB. 
Tnech = Kyl yl, oe. Ker (45) 


V, — KrlpQn 
= Kl; {| ——~—— 
R, 


and thus the governing differential equation is 
dW V, — Klin T; 
J 2 = K rl f ia Z Wm 
at R, We 


dom ] (2 a Kil V, 
+ Wm 


dt J IR, 


or 


Wer R, 


dom 
— = + 48.4, —24.7V, =0 
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From this differential equation, we see that with the motor initially at a, = w;, = 
209 rad/sec, if the armature voltage V, is suddenly switched from V, = 413 V to 
V; = 513 V, the speed will rise exponentially to w,, = w; = 262 rad/sec as 


Om = Of + (@, — we" 


= 262 — 53e”" rad/sec 
where tT = 1/48.4 = 20.7 msec. Expressed in terms of r/min 
n = 2500 — 50e*”* r/min 


The armature current will decrease exponentially with the same 20.7 msec time 
constant from an initial value of (V; — V,)/R, = 1190 A to its final value of 149 A. 
Thus, 


I, = 1494+ 1041e"7 A 


Notice that it is unlikely that the supply to the dc motor can supply this large initial 
current (eight times the rated full-load armature current) and, in addition, the high 
current and corresponding high torque could potentially cause damage to the dc motor 
commutator, brushes, and armature winding. Hence, as a practical matter, a practical 
controller would undoubtedly limit the rate of change of the armature voltage to avoid 
such sudden steps in voltage, with the result that the speed change would not occur as 
rapidly as calculated here. 
. The dynamic equation governing the speed of the motor remains the same as that in 
part (b) as does the equation for the load torque. However, in this case, because the motor 
is being operated from a current controller, the electromagnetic torque will remain 
constant at Tech = T; = 285 N-m after the current is switched from its initial value of 
119A to its final value of 149 A. 

Thus 


J = T, = T; 
ec’ — _ — (63) 
It mech load f i m 


or 


dm a Tr T; 
®m 
dt Ja: J 
dw 


= —" + 1.18, — 310 =0 
At + w 


In this case, the speed will rise exponentially to w, = w; = 262 rad/sec as 


Om = Ws + (@, — we 


= 262 — 53e~"/* rad/sec 


where now the time constant t = 1/1.18 = 845 msec. 
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Clearly, the change in motor speed under the current controller is much slower. 
However, at no point during this transient do either the motor current or the motor torque 
exceed their rated value. In addition, should faster response be desired, the armature 
current (and hence motor torque) could be set temporarily to a fixed value higher than the 
rated value (e.g., two or three times rated as compared to the factor of 8 found in part (b)), 
thus limiting the potential for damage to the motor. 


Consider the de motor/load combination of Example 11.6 operating under current (torque) 
control to be operating in the steady-state at a speed of 2000 r/min at an armature current of 
119 A. If the armature current is suddenly switched to 250 A, calculate the time required for 
the motor to reach a speed of 2500 r/min. 


Solution 
0.22 sec 


11.2 CONTROL OF SYNCHRONOUS MOTORS 
11.2.1 Speed Control 


As discussed in Chapters 4 and 5, synchronous motors are essentially constant-speed 
machines, with their speed being determined by the frequency of the armature currents 
as described by Eqs. 4.40 and 4.41. Specifically, Eq. 4.40 shows that the synchronous 
angular velocity is proportional to the electrical frequency of the applied armature 
voltage and inversely proportional to the number of poles in the machine 


2 
, = (=) We (11.12) 
poles 


where 


@s, = synchronous spatial angular velocity of the air-gap mmf wave [rad/sec] 
@, = 2n f. = angular frequency of the applied electrical excitation [rad/sec] 
f- = applied electrical frequency [Hz] 


Clearly, the simplest means of synchronous motor control is speed control via con- 
trol of the frequency of the applied armature voltage, driving the motor by a polyphase 
voltage-source inverter such as the three-phase inverter shown in Fig. 11.11. As is dis- 
cussed in Section 10.3.3, this inverter can either be used to supply stepped ac voltage 
waveforms of amplitude Vg, or the switches can be controlled to produce pulse-width- 
modulated ac voltage waveforms of variable amplitude. The dc-link voltage Vy, can 
itself be varied, for example, through the use of a phase-controlled rectifier. 


11.2 Control of Synchronous Motors 579 


Frequency 


3-phase 
ac input 


3-phase 
output 


Phase-controlled De link Inverter 
rectifier 


Figure 11.11 Three-phase voltage-source inverter. 


The frequency of the inverter output waveforms can of course be varied by con- 
trolling the switching frequency of the inverter switches. For ac-machine applications, 
coupled with this frequency control must be control of the amplitude of the applied 
voltage, as we will now see. 

From Faraday’s Law, we know that the air-gap component of the armature voltage 
in an ac machine is proportional to the peak flux density in the machine and the 
electrical frequency. Thus, if we neglect the voltage drop across the armature resistance 
and leakage reactance, we can write 


s ) ( am ) 
Va ae (ore —— | Vaate (11.13) 
( rated Brated ce 


where V, is the amplitude of the armature voltage, f- is the operating frequency, and 
Boeak 18 the peak air-gap flux density. Viatea, frated, aNd Bratea are the corresponding 
rated-operating-point values. 

Consider a situation in which the frequency of the armature voltage is varied while 
its amplitude is maintained at its rated value (V, = Vyateq). Under these conditions, 
from Eq. 11.13 we see that 


Bosak = (Z = Brana (11.14) 
Té 


Equation 11.14 clearly demonstrates the problem with constant-voltage, variable- 
frequency operation. Specifically, for a given armature voltage, the machine flux 
density is inversely proportional to frequency and thus as the frequency is reduced, 
the flux density will increase. Thus for a typical machine which operates in saturation 
at rated voltage and frequency, any reduction in frequency will further increase the 
flux density in the machine. In fact, a significant drop in frequency will increase 
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the flux density to the point of potential machine damage due both to increased 
core loss and to the increased machine currents required to support the higher flux 
density. 

As a result, for frequencies less than or equal to rated frequency, it is typical to 
operate a machine at constant flux density. From Eq. 11.13, with Bpeak = Brated 


Va = ( fe ) Viated (11.15) 
f rated 
which can be rewritten as 
V, V, 
2 = ee (11.16) 
f e rated 


From Eq. 11.16, we see that constant-flux operation can be achieved by maintain- 
ing a constant ratio of armature voltage to frequency. This is referred to as constant- 
volts-per-hertz (constant V/Hz) operation. It is typically maintained from rated fre- 
quency down to the low frequency at which the armature resistance voltage drop 
becomes a significant component of the applied voltage. 

Similarly, we see from Eq. 11.13 that if the machine is operated at frequencies in 
excess of rated frequency with the voltage at its rated value, the air-gap flux density 
will drop below its rated value. Thus, in order to maintain the flux density at its 
rated value, it would be necessary to increase the terminal voltage for frequencies 
in excess of rated frequency. In order to avoid insulation damage, it is common to 
maintain the machine terminal voltage at its rated value for frequencies in excess of 
rated frequency. 

The machine terminal current is typically limited by thermal constraints. Thus, 
provided the machine cooling is not affected by rotor speed, the maximum permissible 
terminal current will remain constant at its rated value /rated, independent of the applied 
frequency. As a result, for frequencies below rated frequency, with V, proportional to 
fe, the maximum machine power will be proportional to fe Vrated /rated- The maximum 
torque under these conditions can be found by dividing the power by the rotor speed w,, 
which is also proportional to f, as can be seen from Eq. 11.12. Thus, we see that 
the maximum torque is proportional to Vjated/tatea, and hence it is constant at its 
rated-operating-point value. 

Similarly, for frequencies in excess of rated frequency, the maximum power will 
be constant and equal to Vyated/ratea. The corresponding maximum torque will then 
vary inversely with machine speed as V,ateq /rated/@s- The maximum operating speed 
for this operating regime will be determined either by the maximum frequency which 
can be supplied by the drive electronics or by the maximum speed at which the rotor 
can be operated without risk of damage due to mechanical concerns such as excessive 
centrifugal force or to the presence of a resonance in the shaft system. 

Figure 11.12 shows a plot of maximum power and maximum torque versus speed 
for a synchronous motor under variable-frequency operation. The operating regime 
below rated frequency and speed is referred to as the constant-torque regime and that 
above rated speed is referred to as the constant-power regime. 
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Figure 11.12 Variable-speed operating regimes for a synchronous motor. 
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ee EXAMPLE 11.7 | 


The 45-kVA, 220-V, 60-Hz, six-pole, three-phase synchronous machine of Example 5.4 is 
to be operated as a motor and driven from a variable-frequency, three-phase voltage-source 
inverter which provides 220 V at 60 Hz and which maintains constant V/Hz as the frequency 
is reduced. The machine has a saturated synchronous reactance of 0.836 per unit and achieves 
rated open-circuit voltage at a field current of 2.84 A. For the purposes of this example, assume 
that the motor losses are negligible. 


a. With the motor operating at 60 Hz, 220 V and at rated power, unity power factor, calculate 


(i) the motor speed in r/min and (ii) the motor field current. 


b. If the inverter frequency is reduced to 5O Hz and the motor load adjusted to rated torque, 


calculate the (7) the resulting motor speed and (ii) and the motor field current required to 
again achieve unity power factor. 


Hi Solution 


(i) The motor will operate at its synchronous speed which can be found from Eq. 4.41 


12 
n,= ia k= s 60 = 1200 r/min 
poles 6 


(ii) As seen in Chapter 5, the field current can be determined from the generated voltage. 
For motor operation, 


Ey = V, — jX.f, = 1.0 — j0.836 x 1.0 = 1.30 2 ~39.9° 
where V, has been chosen as the reference phasor. Thus the field current is 
I; = 1.30 x 2.84 = 3.69 A 


Note that we have chosen to solve for E,; in per unit. A solution in real units would have 
of course produced the same result. 


b. (@) When the frequency is reduced from 60 Hz to 50 Hz, the motor speed will drop from 


1200 r/min to 1000 r/min. 
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(ii) Let us again consider the equation for the generated voltage 
Ew = Vz — JXsl, 
where here we will assume that the equation is written in real units. 


As the inverter frequency is reduced from 60 Hz, the inverter voltage will drop 
proportionally since the inverter maintains constant V/Hz. Thus we can write 
Vz = (==) V.0 
®m0 
where the subscript 0 is used to indicate a 60-Hz value as found in part (a). Reactance 
is also proportional to frequency and thus 


Wm 
X, = (22) Xo 
®m0 
The generated voltage is proportional to both the motor speed (and hence the 
frequency) and the field current, and thus we can write 


On I; 
®mo i] f0 
Finally, if we recognize that, to operate at rated torque and unity power factor under 


this reduced frequency condition, the motor armature current will have to be equal to the 
value found in part (a), i-e., J, = 4, we can write the generated voltage equation as 


m I ts m a : 'm + 
(22) (H)ene (22) 1 (22) tat 
mo Lip mo @no 


Tp \ 4 * A 
( ©) Bao = V0 — {Xolio 


In 
Since the subscripted quantities correspond to the solution of part (a), they must 
satisfy 


or 


1p = Vio = Dever 
and thus we see that we must have /; = Jip. In other words, the field current for this 
operating condition is equal to that found in part (a), or J; = 3.69 A. 


| Practice Problem 11.7 | Problem 11.7 


Consider 50-Hz operation of the synchronous motor of Example 11.7, part (b). If the load 
torque is reduced to 75 percent of rated torque, calculate the field current required to achieve 
unity power factor. 


Solution 
335A 


Although during steady-state operation the speed of a synchronous motor is 
determined by the frequency of the drive, speed control by means of frequency control 
is of limited use in practice. This is due in most part to the fact that it is difficult 
for the rotor of a synchronous machine to track arbitrary changes in the frequency 
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of the applied armature voltage. In addition, starting is a major problem, and, as 
a result, the rotors of synchronous motors are often equipped with a squirrel-cage 
winding known as an amortisseur or damper winding similar to the squirrel-cage 
winding in an induction motor, as shown in Fig. 5.3. Following the application of 
a polyphase voltage to the armature, the rotor will come up almost to synchronous 
speed by induction-motor action with the field winding unexcited. If the load and 
inertia are not too great, the motor will pull into synchronism when the field winding 
is subsequently energized. 

Problems with changing speed result from the fact that, in order to develop torque, 
the rotor of a synchronous motor must remain in synchronism with the stator flux. 
Control of synchronous motors can be greatly enhanced by control algorithms in 
which the stator flux and its relationship to the rotor flux are controlled directly. Such 
control, which amounts to direct control of torque, is discussed in Section 11.2.2. 


11.2.2 Torque Control 


Direct torque control in an ac machine, which can be implemented in a number of 
different ways, is commonly referred to as field-oriented control or vector control. To 
facilitate our discussion of field-oriented control, it is helpful to return to the discussion 
of Section 5.6.1. Under this viewpoint, which is formalized in Appendix C, stator 
quantities (flux, current, voltage, etc.) are resolved into components which rotate in 
synchronism with the rotor. Direct-axis quantities represent those components which 
are aligned with the field-winding axis, and guadrature-axis components are aligned 
perpendicular to the field-winding axis. 

Section C.2 of Appendix C derives the basic machine relations in dq0 variables 
for a synchronous machine consisting of a field winding and a three-phase stator 
winding. The transformed flux-current relationships are found to be 


Ag = Laia + Lagis (11.17) 
hq = Lagiq (11.18) 

3 
Ag = 5 bat ig + Leis (11.19) 


where the subscripts d, q, and f refer to armature direct-, quadrature-axis, and field- 
winding quantities respectively. Note that throughout this chapter we will assume 
balanced operating conditions, in which case zero-sequence quantities will be zero 
and hence will be ignored. 

The corresponding transformed voltage equations are 


dd 
vg = Raia + aE iets (11.20) 
dd 
Ug = Raig + ae + @meda (11.21) 
dh 
ve = Rite + ss (11.22) 


where Wme = (poles/2)@, is the electrical angular velocity of the rotor. 
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Finally, the electromagnetic torque acting on the rotor of a synchronous motor is 
shown to be (Eq. €.31) 


Tmech = 2 5 


Under steady-state, balanced-three-phase operating conditions, ®me = We where 
We is the electrical frequency of the armature voltage and current in rad/sec. Because 
the armature-produced mmf and flux waves rotate in synchronism with the rotor and 
hence with respect to the dq reference frame, under these conditions an observer in 
the dq reference frame will see constant fluxes, and hence one can set d/dt = 0.! 

Letting the subscripts F, D, and Q indicate the corresponding constant values of 
field-, direct- and quadrature-axis quantities respectively, the flux-current relation- 
ships of Eqs. 11.17 through 11.19 then become 


: (F =) (gig he) (11.23) 


Ap = Latp + Larir (11.24) 
ena are (11.25) 

3 
AF = 5 Latip + Leip (11.26) 


Armature resistance is typically quite small, and, if we neglect it, the steady-state 
voltage equations (Eqs. 11.20 through 11.22) then become 


ee (11.27) 
VQ = WeAD (11.28) 
Up = Ryip (11.29) 

Finally, we can write Eq. 11.23 as 
Teer = 5 (=) (pig — Aoi) (11.30) 


From this point on, we will focus our attention on machines in which the effects 
of saliency can be neglected. In this case, the direct- and quadrature-axis synchronous 
inductances are equal and we can write 


La=Lq=Ls (11.31) 


where L, is the synchronous inductance. Substitution into Eqs. 11.24 and 11.25 and 
then into Eq. 11.30 gives 


Tech = 2 5 


3 (poles P 
=5 (? 5 ) beiele (11.32) 


3 oles . os _ 
(? ) [(Lsip + Latip)ig — Lsigip] 


' This can easily be derived formally by substituting expressions for the balanced-three-phase armature 
currents and voltages into the transformation equations. 
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Equation 11.32 shows that torque is produced by the interaction of the field flux 
(proportional to the field current) and the quadrature-axis component of the armature 
current, in other words the component of armature current that is orthogonal to the 
field flux. By analogy, we see that the direct-axis component of armature current, 
which is aligned with the field flux, produces no torque. 

This result is fully consistent with the generalized torque expressions which are 
derived in Chapter 4. Consider for example Eq. 4.73 which expresses the torque in 
terms of the product of the stator and rotor mmfs (F;, and F, respectively) and the sine 
of the angle between them. 


1 DI 
T= -(& =) (42 ) FF. sin 8, (11.33) 
2: 2g 


where 6, is the electrical space angle between the stator and rotor mmfs. This shows 
clearly that no torque will be produced by the direct-axis component of the armature 
mmf which, by definition, is that component of the stator mmf which is aligned with 
that of the field winding on the rotor. 

Equation 11.32 shows the torque in a nonsalient synchronous motor is propor- 
tional to the product of the field current and the quadrature-axis component of the 
armature current. This is directly analogous to torque production in a dc machine for 
which Eqs. 7.10 and 7.13 can be combined to show that the torque is proportional to 
the product of the field current and the armature current. 

The analogy between a nonsalient synchronous machine and dc machine can be 
further reinforced. Consider Eq. 5.21, which expresses the rms value of the line-to- 
neutral generated voltage of a synchronous generator as 


We Lagiz 


Ef = 
Hoe 7 


(11.34) 


Substitution into Eq. 11.32 gives 


3 poles E,sig 
T, ech = > 11.35 


This is directly analogous to Eq. 7.16 (Tinech = Eala/@m) for a dc machine in which 
the torque is proportional to the product of the generated voltage and the armature 
current. 

The brushes and commutator of a dc machine force the commutated armature 
current and armature flux along the quadrature axis such that Jy = 0 and it is the 
interaction of this quadrature-axis current with the direct-axis field flux that produces 
the torque.” A field-oriented controller which senses the position of the rotor and 
controls the quadrature-axis component of armature current produces the same effect 
in a synchronous machine. 


2 In a practical de motor, the brushes may be adjusted away from this ideal condition somewhat to 
improve commutation. In this case, some direct-axis flux will be produced, corresponding to a small 
direct-axis component of armature current. 
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Although the direct-axis component of the armature current does not play a role 
in torque production, it does play a role in determining the resultant stator flux and 
hence the machine terminal voltage, as can be readily shown. Specifically, from the 
transformation equations of Appendix C, 


Va = Up COS (Wet) — VQ Sin (Wet) (11.36) 


and thus the rms amplitude of the armature voltage is equal to” 


2 2 2 2 
Up +v Ap +A 
V, = oO 2 Su, SEE ae, 
2 2 


/ (Lip + Latip)? + (Lsig)? 
— We 2 


(11.37) 


Dividing V, by the electrical frequency w,, we get an expression for rms armature 


flux linkages 
a2 +A2 Li La -\2 L.i 2 
(Aa)ms = J > = en ae (11.38) 


Similarly, the transformation equations of Appendix C can be used to show that 
the rms amplitude of the armature current is equal to 


12 ye 
h={ 2 (11.39) 


From Eq. 11.32 we see that torque is controlled by the product ipig of the field 
current and the quadrature-axis component of the armature current. Thus, simply 
specifying a desired torque is not sufficient to uniquely determine either if or ig. 
In fact, under the field-oriented-control viewpoint presented here, there are actually 
three indpendent variables, ip, ig and ip, and, in general, three constraints will be 
required to uniquely determine them. In addition to specifying the desired torque, a 
typical controller will implement additional constraints on terminal flux-linkages and 
current using the basic relationships found in Eqs. 11.38 and 11.39. 

Figure |1.13a shows a typical field-oriented torque-control system in block- 
diagram form. The torque-controller block has two inputs, Tyrer, the reference value or 
set point for torque and (if)rep, the reference value or set point for the field current, 
which is also supplied to the power supply which supplies the current ip to the motor 
field winding. (if);ef is determined by an auxiliary controller which also determines 


3 Strictly speaking, armature resistance should be included in the voltage expression, in which case the 
rms amplitude of the armature voltage would be given by the expression 


y | 2+ % / (Rain — wehg)? + (Raig + wedp)? 
a es: ee 
2 2 
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Figure 11.13 (a) Block diagram of a field-oriented torque-control system for 
a synchronous motor. (b) Block diagram of a synchronous-motor speed-control 
loop built around a field-oriented torque control system. 


the reference value (ip);e¢ of the direct-axis current, based upon desired values for the 
armature current and voltage. The torque controller calculates the desired quadrature- 
axis current from Eq. 11.32 based upon Treg and (if) ref 


2 Z Tref 
igre = 5 —_ 11.40 
(éQ) . 3 (<5) Lagt(ip) ret ( ) 


Note that a position sensor is required to determine the angular position of the rotor 
in order to implement the dq0 to abc transformation. 

In a typical application, the ultimate control objective is not to control motor 
torque but to control speed or position. Figure 11.13b shows how the torque-control 
system of Fig. 11.13b can be used as a component of a speed-control loop, with speed 
feedback forming an outer control loop around the inner torque-control loop. 
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Consider again the 45-k VA, 220-V, six-pole synchronous motor of Example 11.7 operating at 
60 Hz with a field current of 2.84 A. If the motor is loaded to rated torque and operating under a 
field-oriented control system such that ip = 0, calculate (a) the phase currents i,(t), i,(¢), and 
i,(t) as well as the per-unit value of the armature current and (b) the motor terminal voltage in 
per unit. Assume that 6,,. = 0 at time t = 0 (i.e., the rotor direct axis is aligned with phase a 
att = 0). 
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@ Solution 
a. We must first calculate L,¢. From Example 11.7, we see that the motor produces rated 
open-circuit voltage (220-V rms, line-to-line) at a field current of 2.84 A. From Eq. 11.34 


oes J2E x 
oS 
Welp 

where E,, is the rms, line-to-neutral generated voltage. Thus 


_ ¥2(220/V3) 


= = 0.1 
1200 x 2.84 eH 


Rated torque for this six-pole motor is equal to 


T a Prated _ Prated 
rated —~ ie 
(@m) rated (@ )ratea (2/poles) 
45 x 10° 
~ —* ~_ 358N-m 
1207 (2/6) 


Thus, setting Typ = Tratea = 358 N-m and (ig) e¢ = 2.84 A, we can find ig from 
Eq. 11.40 as 


2 2 The 2/2 358 
Be (oS a ee ee 
3 poles Lat (ig) ret 3 6 0.168 x 2.84 


Using the fact that 6n. = wt and setting ip = 0, the transformation from dqO 
variables to abc variables (Eq. C.2 of Appendix C) gives 


ia(t) = ip COS (Wet) — ig sin (wt) = —167 sin (@,t) = 2/201 18) sin (wt) A 
where w, = 1202 © 377 rad/sec. Similarly 
i,(t) = —V2(118) sin (wt — 120°) A 
and 
i,(t) = —V2(118) sin (wt + 120°) A 
The rms armature current is 118 A and the machine base current is equal to 


Gots Prue  __ 45. X 10° ats 
base — V3 Voase omy ¥3 220 = 


Thus the per-unit machine terminal current is equal to 7, = 118/118 = 1.0 per unit. 
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b. The motor terminal voltage can most easily be found from the rms phasor relationship 
Vs = jXola+ Ext 
In part (a) we found that i, = —/2(118) sin (w,t) A and thus 
i, = jll8A 
We can find £,; from Eq. 11.34 as 
WeLaip 1200 x 0.168 x 2.84 


Ex = = = 127 V line-to-neutral 
WB J2 
and, thus, since (E af)mms lies along the quadrature axis, as does T a 
Ey = j127V 


The base impedance of the machine is equal to 


v2 220° 
Zoase = base = —— = 1.0762 
Prase 45 x 103 


and the synchronous reactance of 0.836 pu is equal to X, = 0.836 x 1.076 = 0.899 Q. 
Thus the rms line-to-neutral terminal voltage 


V, = jX.P,+ Ey = j0.899(j118) + 127 
= —106 + j127 = 165 2129.9° V line-to-neutral 
or V, = 287 V rms line-to-line = 1.30 per unit. 
Note that the terminal voltage for this operating condition is considerably in excess 
of the rated voltage of this machine, and hence such operation would not be acceptable. 


As we shall now discuss, a control algorithm which takes advantage of the full capability 
to vary ig, ip, and ig can achieve rated torque while not exceeding rated terminal voltage. 


| Practice Problem 11.8 | Problem 11.8 


Calculate the per-unit terminal voltage and current of Example 11.8 if the field-oriented con- 
troller maintains ip = 0 while reducing ig to 2.6 A. 


Solution 


V, = 1.29 per unit and J, = 1.09 per unit. 


As we have discussed, a practical field-oriented control must determine values 
for all three currents ip, ip, and ig. In Example 11.8 two of these values were chosen 
relatively arbitrarily (jg = 2.84 and ip = 0) and the result was a control that achieved 
the desired torque but with a terminal voltage 30 percent in excess of the motor- 
rated voltage. In a practical system, additional constraints are required to achieve an 
acceptable control algorithm. 

One such algorithm would be to require that the motor operate at rated flux and 
at unity terminal power factor. Such an algorithm can be derived with reference to the 
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fy = ip/V2 


jolly 


~ q-axis 


Figure 11.14 Phasor diagram for unity-power- 
factor field-oriented-contro! algorithm. 


phasor diagram of Fig 11.14 and can be implemented using the following steps: 


Step |. Calculate the line-to-neutral armature voltage corresponding to rated 
flux as 


Va = (V2) rated (<=) (11.41) 


(Om )rated 


where (Va);rateq is the rated line-to-neutral armature voltage at rated motor 
speed, w, is the desired motor speed, and (@m);ated is its rated speed. 
Step 2. Calculate the rms armature current from the desired torque Tyrer as 
a Pref = Tref @m 
*"" 3V, 3a 
where Pyer is the mechanical power corresponding to the desired torque. 


(11.42) 


Step 3. Calculate the angle 6 based upon the phasor diagram of Fig 11.14 


Lgl. 
§ = —tan! (S27) (11.43) 


where We = @me = (poles/2)w, is the electrical frequency corresponding to 
the desired motor speed. 
Step 4. Calculate (ig)ret and (ip) ref 


(ig)rer = V2I, cos 5 (11.44) 
(ip)rer = V2, sind (11.45) 
Step 5. Calculate (iF);e¢ from Eq. 11.32 
. 2 Z Tret 
= 11.46 
nes 3 (sors) Lit (ig)ret : 


This algorithm is illustrated in Example 11.9. 
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es EXAMPLE 11.9 | 


The 45-kVA, 220-V synchronous motor of Example 11.8 is to be again operated at rated torque 
and speed from a field-oriented control system. Calculate the required motor field current and 
the per-unit terminal voltage and current if the unity-power-factor algorithm described above 
is implemented. 


Bf Solution 
We will follow the individual steps outlined above. 


Step 1. Since the motor is operating at rated speed, the desired terminal voltage will be 
the rated line-to-neutral voltage of the machine. 


22 
V,= oy = 127 V = 1.0 per unit 
V3 
Step 2. Setting Tj. = 358 N-m and w, = (2/poles)w, = 407, the rms armature current 
can be calculated from Eq. 11.42 


Tet Wm 358 x (4077) 
3(V,.) 3.x 127 


i= =I118A 

As calculated in Example 11.8, jase = 118 A and thus J, = 1.0 per unit. This is as 
expected, since we want the motor to operate at rated torque, speed and terminal voitage, 
and at unity power factor. 

Step 3. Next calculate 6 from Eq. 11.43. This calculation requires that we determine the 
synchronous inductance L,. 


xX , 
ete SOT seat 
(@e) rated ] 207 


ieee 
Ve 


Sere (a x 10-3 x 118 


Ss 


Thus 


= —0.695 rad = —39.8° 
127 ) 0.695 ra 9 


Step 4. We can now calculate the desired values of ig and ip from Eqs. 11.44 
and 11.45. 


(ig) rer = V2, c086 = 128 A 
and 
(ip)er = V21, sind = —107 A 


Step 5. (if) rer is found from Eq. 11.46 


2 2 ket 2/2 358 
Gea (SS eA 
3 \ poles / Laslig)er 3 \6/ 0.168 x 128 
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| Practice Problem 11.9 | Problem 11.9 


Repeat Example 11.9 for the motor operating at rated torque and half of rated speed. Calculate 
(a) the desired motor field current, (b) the line-to-neutral terminal voltage (in volts), and (c) the 
armature current (in amperes). 


Solution 


a. (ig) ref =3.70A 
b. V, = 63.5 V line-to-neutral 
ce. 1,=118A 


The discussion of this section has focused upon synchronous machines with field 
windings and the corresponding capability to control the field excitation. The basic 
concept, of course, also applies to synchronous machines with permanent magnets 
on the rotor. However, in the case of permanent-magnet synchronous machines, the 
effective field excitation is fixed and, as a result, there is one less degree of freedom 
for the field-oriented control algorithm. 

For a permanent-magnet synchronous machine, since the effective equivalent 
field current is fixed by the permanent magnet, the quadrature-axis current is de- 
termined directly by the desired torque. Consider a three-phase permanent-magnet 
motor whose rated rms, line-to-neutral open-circuit voltage is (Faf)rateq at electrical 
frequency (We) rated. From Eq. 11.34 we see that the equivalent Lar/; product for this 
motor, which we will refer to by the symbol Apy, is 


2(E 
Apa = /2( af rated (11.47) 


(@e ) rated 


Thus, the direct-axis flux-current relationship for this motor, corresponding to 
Eq. 11.24, becomes 


Ap = Laip + Apm (11.48) 
and the torque expression of Eq. 11.32 becomes 
3 / poles . 
Tinech = 2 ) Apmiq d 1.49) 


From Eq. 11.49 we see that, for a permanent-magnet sychronous machine un- 
der field-oriented control, the quadrature-axis current is uniquely determined by the 
desired torque and Eq. 11.40 becomes 


2 2 Tref 
io)ref = = 11.50 
(iQ) 3 (<5) Apm ( ) 


Once (ig)rer has been specified, the only remaining control choice remains to 
determine the desired value for the direct-axis current, (ip);ep. One possibility is 
simply to set (ip)rep =O. This will clearly result in the lowest possible armature 
current for a given torque. However, as we have seen in Example 11.8, this is likely 
to result in terminal voltages in excess of the rated voltage of the machine. As a 
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Figure 11.15 Block diagram of a field-oriented torque-control system 
for a permanent-magnet synchronous motor. 


result, it is common to supply direct-axis current so as to reduce the direct-axis flux 
linkage of Eq. 11.48, which will in turn result in reduced terminal voltage. This 
technique is commonly referred to as flux weakening and comes at the expense of 
increased armature current.* In practice, the chosen operating point is determined 
by a trade-off between reducing the armature voltage and an increase in armature 
current. Figure 11.15 shows the block diagram for a field-oriented-control system for 
use with a permanent-magnet motor. 


A 25-kW, 4000-rpm, 220-V, two-pole, three-phase permanent-magnet synchronous motor pro- 
duces rated open-circuit voltage at a rotational speed of 3200 r/min and has a synchronous 
inductance of 1.75 mH. Assume the motor is to be operated under field-oriented control at 
2800 r/min and 65 percent of rated torque. 


a. Calculate the required quadrature-axis current. 

b. If the controller is designed to minimize armature current by setting ip = 0, calculate the 
resultant armature flux linkage in per-unit. 

c. If the controller is designed to maintain the armature flux-linkage at its rated value, 
calculate the corresponding value of ip and the corresponding rms and per-unit values of 
the armature current. 


Solution 
a. The rated speed of this machine is 


(@m)ratead = 4000 (=) = 419 rad/sec 


4 See T. M. Jahns, “Flux-Weakening Regime Operation of an Interior Permanent Magnet Synchronous 
Motor Drive,” IEEE Transactions on Industry Applications, Vol. 23, pp. 681-689. 
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and the rated torque is 


Prated a, 25 x 10° 


T;atea = ———— = =59.7N-m 
™ (@m)rated 419 


This motor achieves its rated-open-circuit voltage of 220/./3 = 127 V rms ata 
speed of n = 3200 r/min. The corresponding electrical frequency is 


oles a 1 
ren (2 : ) (=) ‘2 (=) 3200 = 335 rad/sec 


From Eq. 11.47, 


5 212 
_ V2(Esaes _ V2127 _ 9 oa¢ wry 


A 
ne We 335 


Thus, setting Tyrer = 0.65 Tiateg = 38.8 N-m, from Eq. 11.50 we find that 
2 2 Tret 2 { 38.8 
iget = = { —— |) “ == ( —— | = 483A 
ae (=) ina 3 (a5) 


Ap = Apm = 0.536 Wb 


b. With (ip)rer = 0, 


and 
Ag = L,ig = (1.75 x 1077)48.3 = 0.0845 Wb 


Thus, the rms line-to-neutral armature flux is equal to 


02 42 5362 + 0.08452 
= jets a yer = 0.384 Wb 


The base rms line-to-neutral armature flux can be determined from the base 
line-to-neutral voltage (V,)pase = 127 V and the base frequency (We)pase = 419 rad/sec as 


( V, Yoase 
(We ) base 


(Aa) base = = 0.303 Wb 
Thus, the per-unit armature flux is equal to 0.384/0.303 = 1.27 per unit. From this 
calculation we see that the motor is significantly saturated at this operating condition. In 
fact, the calculation is probably not accurate because such a degree of saturation will most 
likely give rise to a reduction in the synchronous inductance as well as the magnetic 
coupling between the rotor and the stator. 

c. In order to maintain rated armature fiux linkage, the control will have to produce a 
direct-axis component of armature current to reduce the direct-axis flux linkage such that 
the total armature flux linkage is equal to the rated value (A.,)pase. Specifically, we must 
have 


Ap = V/2Aabuse — AB = V2 x 0.303? — 0.0844? = 0.420 Wb 
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We can now find (ip),er from Eq. 11.48 (setting Ly = L,) 


Ap — Arm _ 0.420 — 0.536 


SR 
im 1.75 x 10-3 


(ip) ref re 


The corresponding rms armature current is 


ES [iobes + Cgdier _ , | 66.37 ms = 580A 


The base rms armature current for this machine is equal to 


1 = Pine _ 25x 10° 
BV ces a) 3 180 


and hence the per-unit armature current is equal to 58.0/65.6 = 0.88 per unit. 


= 65.6A 


Comparing the results of parts (b) and (c) we see how flux weakening by the introduction 
of direct-axis current can be used to control the terminal voltage of a permanent-magnet 
synchronous motor under field-oriented control. 


Practice Problem 11.10 


Consider again the motor of Example 11.10. Repeat the calculations of parts (b) and (c) of 
Example 11.10 for the case in which the motor is operating at 80 percent of rated torque at a 
speed of 2500 r/min. 


Solution 


For part (b), A, = 1.27 per unit. 
For part (c), J, = 0.98 per unit. 


11.3 CONTROL OF INDUCTION MOTORS 
11.3.1 Speed Control 


Induction motors supplied from a constant-frequency source admirably fulfill the 
requirements of substantially constant-speed drives. Many motor applications, how- 
ever, require several speeds or even a continuously adjustable range of speeds. From 
the earliest days of ac power systems, engineers have been interested in the develop- 
ment of adjustable-speed ac motors. 

The synchronous speed of an induction motor can be changed by (a) changing 
the number of poles or (b) varying the line frequency. The operating slip can be 
changed by (c) varying the line voltage, (d) varying the rotor resistance, or (e) applying 
voltages of the appropriate frequency to the rotor circuits. The salient features of 
speed-control methods based on these five possibilities are discussed in the following 
five sections. 
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Figure 11.16 Principles of the pole-changing winding. 


Pole-Changing Motors In pole-changing motors, the stator winding is designed 
so that, by simple changes in coil connections, the number of poles can be changed 
in the ratio 2 to 1. Either of two synchronous speeds can then be selected. The rotor 
is almost always of the squirrel-cage type, which reacts by producing a rotor field 
having the same number of poles as the inducing stator field. With two independent 
sets of stator windings, each arranged for pole changing, as many as four synchronous 
speeds can be obtained in a squirrel-cage motor, for example, 600, 900, 1200, and 
1800 r/min for 60-Hz operation. 

The basic principles of the pole-changing winding are shown in Fig. 11.16, in 
which aa and a’a’ are two coils comprising part of the phase-a stator winding. An 
actual winding would, of course, consist of several coils in each group. The windings 
for the other stator phases (not shown in the figure) would be similarly arranged. In 
Fig. 11.16a the coils are connected to produce a four-pole field; in Fig. 11.16b the 
current in the a’a’ coil has been reversed by means of a controller, the result being a 
two-pole field. 

Figure 11.17 shows the four possible arrangements of these two coils: they can be 
connected in series or in parallel, and with their currents either in the same direction 
(four-pole operation) or in the opposite direction (two-pole operation). Additionally, 
the machine phases can be connected either in Y or A, resulting in eight possible 
combinations. 

Note that for a given phase voltage, the different connections will result in differ- 
ing levels of air-gap flux density. For example, a change from a A to a Y connection 
will reduce the coil voltage (and hence the air-gap flux density) for a given coil ar- 
rangement by /3. Similarly, changing from a connection with two coils in series 
to two in parallel will double the voltage across each coil and therefore double the 
magnitude of the air-gap flux density. These changes in flux density can, of course, 
be compensated for by changes in the applied winding voltage. In any case, they 
must be considered, along with corresponding changes in motor torque, when the 
configuration to be used in a specific application is considered. 


Armature-Frequency Control | The synchronous speed of an induction motor can 
be controlled by varying the frequency of the applied armature voltage. This method 
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(c) (d) 


Figure 11.17 Four possible arrangements of phase-a stator coils 
in a pole-changing induction motor: (a) series-connected, four-pole; 
(b) series-connected, two-pole; (c) parallel-connected, four-pole; 
(d) parallel-connected, two-pole. 


of speed control is identical to that discussed in Section 11.2.1 for synchronous 
machines. In fact, the same inverter configurations used for synchronous machines, 
such as the three-phase voltage-source inverter of Fig. 11.11, can be used to drive 
induction motors. As is the case with any ac motor, to maintain approximately constant 
flux density, the armature voltage should also be varied directly with the frequency 
(constant-volts-per-hertz). 

The torque-speed curve of an induction motor for a given frequency can be calcu- 
lated by using the methods of Chapter 6 within the accuracy of the motor parameters 
at that frequency. Consider the torque expression of Eq. 6.33 which is repeated here. 


(11.51) 


1 | Np Vi-eq(Ro/s) 
Tech _ 


(Rj ,eq + (R2/s))? + (X1,eq + X2)? 


Ws 


where w, = (2/poles)@, and a, is the electrical excitation frequency of the motor in 
rad/sec, 


. ‘ iXm 
Vieg = Vi | ———__———_ 11.52 
se (= + 7K =) ee 


and 


. jXm(Ri + 7X1) 
R xX = 11.53 
i a Ge TNT S CBS Ok ae 


To investigate the effect of changing frequency, we will assume that R; is negli- 
gible. In this case, 


P F x 
Vig = V1 (a ) (11.54) 
m 


Rieq = 0 (11.55) 
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and 
tis i XX] 
X 1+ Xx m 
Let the subscript 0 represent rated-frequency values of each of the induction- 
motor parameters. As the electrical-excitation frequency is varied, we can then write 


(11.56) 


(X1,eq + X2) = (=) (X1.eq + X2)o (11.57) 
Mat) 


Under constant-volts-per-hertz control, we can also write the equivalent source 
voltage as 


0) = (=) (Mo (11.58) 
Wed 


and hence, since Vis is equal to V, multiplied by a reactance ratio which stays 
constant with changing frequency, 


A OD, “ 
Vieqg = ( — } Nieg)o (11.59) 
We0 


—200 0 


1000 1200 1400 1600 1800 


Figure 11.18 A family of typical induction-motor speed-torque curves for a four-pole 
motor for various values of the electrical supply frequency. (a) FR; sufficiently small so that its 
effects are negligible. (b) A; not negligible. 
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Finally, we can write the motor slip as 


@,—Wm poles (A) 
s= SO sos 


(11.60) 


Ws 2 We 


where Aan = @; — Wm is the difference between the synchronous and mechanical 
angular velocities of the motor. 
Substitution of Eqs. 11.57 through 11.60 into Eq. 11.51 gives 


Nonl (Vi,eq)ol’(R2/ Aw) 


Tech = (11.61) 


Equation 11.61 shows the general trend in which we see that the frequency 
dependence of the torque-speed characteristic of an induction motor appears only in 
the term R»/Aw. Thus, under the assumption that R, is negligible, as the electrical 
supply frequency to an induction motor is changed, the shape of the speed-torque 
curve as a function of Aw (the difference between the synchronous speed and the 
motor speed) will remain unchanged. As a result, the torque-speed characteristic will 
simply shift along the speed axis as we(f,) is varied. 

A set of such curves is shown in Fig. 11.18a. Note that as the electrical frequency 
(and hence the synchronous speed) is decreased, a given value of Aw corresponds to a 
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larger slip. Thus, for example, if the peak torque of a four-pole motor driven at 60 Hz 
occurs at 1638 r/min, corresponding to a slip of 9 percent, when driven at 30 Hz, the 
peak torque will occur at 738 r/min, corresponding to a slip of 18 percent. 

In practice, the effects of R; may not be fully negligible, especially for large 
values of slip. If this is the case, the shape of the speed-torque curves will vary 
somewhat with the applied electrical frequency. Figure 11.18b shows a typical family 
of curves for this case. 


The three-phase, 230-V, 60-Hz, 12-kW, four-pole induction motor of Example 6.4 (with R, = 
0.2 &2) is to be operated from a variable-frequency, constant-volts-per-hertz motor drive whose 
terminal voltage is 230 V at 60 Hz. The motor is driving a load whose power can be assumed 
to vary as 
n 
1800 
where n is the load speed in r/min. Motor rotational losses can be assumed to be negligible. 
Write a MATLAB script to find the line-to-line terminal voltage, the motor speed in r/min, 


the slip and the motor load in kW for (a) a source frequency of 60 Hz and (b) a source frequency 
of 40 Hz. 


3 
Pou = 10.5 ( ) kW 


@ Solution 
As the electrical frequency f, is varied, the motor reactances given in Example 6.4 must be 


varied as 
X=Xo te 
60 


where Xv is the reactance value at 60 Hz. Similarly, the line-to-neutral armature voltage must 


be varied as 
22 
Vi= tale & = 127 fe Vv 
/3 \ 60 60 


From Eq. 4.40, the synchronous angular velocity of the motor is equal to 


oO, = ( ai ) fc = Uf, rad/sec 


poles 


and, at any given motor speed w,,, the corresponding slip is given by 

Ds; — On 

A 
Ws 


Using Eqs. 11.51 through 11.53, the motor speed can be found by searching over w,, for 
that speed at which Proag = @mTmech- If this is done, the result is: 


a. For f, = 60 Hz: 


Terminal voltage = 230 V line-to-line 
Speed = 1720 r/min 


11.3 


Slip = 4.4% 
Prag = 9.17 kW 


b. For f, = 40 Hz: 


Terminal voltage = 153 V line-to-line 
Speed = 1166 r/min 


Slip = 2.8% 
Prag = 2.86 KW 
Here is the MATLAB script: 
cle 
clear 


%Here are the 60-Hz motor parameters 


V10 = 230/sqrt (3); 
Nph = 3; 

poles = 4; 

fed = 60; 

Ri = 0.095; 

R2 = 0.2; 

X10 = 0.680; 

X20 = 0.672; 

Xm0 = 18.7; 


% Two frequency values 


fel = 60; 
fe2 = 40; 
for m = 1:2, 
Ie th SS 
fe = fel; 
else 
fe = fe2; 
end 


% Calculate the reactances and the voltage 


X1 = X10* (fe/fe0); 
X2 = X20* (fe/fed); 
Xm = Xm0* (fe/fed); 
V1 = V10* (fe/fe0); 


SCalculate the synchronous speed 


omegas = 4*pi*fe/poles; 
ns = 120*fe/poles; 


SCalculate stator Thevenin equivalent 


Vleq = abs(V1*j*Xm/(R1 + j*(X1+Xm))); 
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Zleq = j*Xm* (R14+j3*X1)/(R1 + j*(X1+Xm)); 


Rleg 


real (Zleq); 


Xleq = imag(Zleq); 


SSearch over the slip until the Pload = Pmech 


slip = 0.; 
error = 1; 


while error >= 0; 
slip = slip + 0.00001; 
rpm = ns*(1-slip); 


omegam = 
Tmech = 
Tmech = 
Pmech = 
Pload = 


error 


omegas* (1-slip); 

(1/omegas) *Nph*Vleq*2* (R2/slip); 
Tmech/ ((R1+R2/slip)*2 + 
Tmech*omegam; 

10.5e3* (rpm/1800) *3; 


(X1+X2)°*2); 


Pload - Pmech; 


end %End of while loop 


fprintf(’\nFor fe = %g [Hz]:’,fe) 


fprintf(’\n 
fprintf(’\n 
fprintf(’\n 
fprintf(’\n 


Terminal voltage = %g [V 1-1]’,V1*sqrt (3)) 
rpm = %g’,rpm) 

slip = %g [percent] ’,100*slip) 

Pload = %g [kW]’,Pload/1000) 


fprintf(’\n\n’) 


end 


| Practice Problem 11.11 | Problem 11.11 


Repeat Example 11.11 for a source frequency of 50 Hz. 


Solution 


Terminal voltage = 192 V line-to-line 
Speed = 1447 r/min 


Slip = 3.6% 


Pras = 5.45 kW 


Line-Voltage Control 


The internal torque developed by an induction motor is 
proportional to the square of the voltage applied to its primary terminals, as shown 
by the two torque-speed characteristics in Fig. 11.19. If the load has the torque-speed 
characteristic shown by the dashed line, the speed will be reduced from n, to nz. This 
method of speed control is commonly used with small squirrel-cage motors driving 
fans, where cost is an issue and the inefficiency of high-slip operation can be tolerated. 


It is characterized by a rather limited range of speed control. 
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Torque 


Speed 


Figure 11.19 Speed control by 
means of line voltage. 


Rotor-Resistance Control The possibility of speed control of a wound-rotor motor 
by changing its rotor-circuit resistance has already been pointed out in Section 6.7.1. 
The torque-speed characteristics for three different values of rotor resistance are 
shown in Fig. 11.20. If the load has the torque-speed characteristic shown by the 
dashed line, the speeds corresponding to each of the values of rotor resistance are 
n1, M2, and n3. This method of speed control has characteristics similar to those of dc 
shunt-motor speed control by means of resistance in series with the armature. 

The principal disadvantages of both line-voltage and rotor-resistance control are 
low efficiency at reduced speeds and poor speed regulation with respect to change in 
load. In addition, the cost and maintenance requirements of wound-rotor induction 
motors are sufficiently high that squirrel-cage motors combined with solid-state drives 
have become the preferred option in most applications. 


11.3.2 Torque Control 


In Section 11.2.2 we developed the concept of field-oriented-control for synchronous 
machines. Under this viewpoint, the armature flux and current are resolved into two 
components which rotate synchronously with the rotor and with the air-gap flux wave. 


Load 
/ 
/ 


Torque 


Speed 


Figure 11.20 Speed control by 
means of rotor resistance. 
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The components of armature current and flux which are aligned with the field-winding 
are referred to as direct-axis components while those which are perpendicular to this 
axis are referred to as quadrature-axis components. 

It turns out that the same viewpoint which we applied to synchronous machines 
can be applied to induction machines. As is discussed in Section 6.1, in the steady- 
state the mmf and flux waves produced by both the rotor and stator windings of an 
induction motor rotate at synchronous speed and in synchronism with each other. 
Thus, the torque-producing mechanism in an induction machine is equivalent to that 
of a synchronous machine. The difference between the two is that, in an induction 
machine, the rotor currents are not directly supplied but rather are induced as the 
induction-motor rotor slips with respect to the rotating flux wave produced by the 
stator currents. 

To examine the application of field-oriented control to induction machines, we 
begin with the dq0 transformation of Section C.3 of Appendix C. This transformation 
transforms both the stator and rotor quantities into a synchronously rotating reference 
frame. Under balanced-three-phase, steady-state conditions, zero-sequence quantities 
will be zero and the remaining direct- and quadrature-axis quantites will be constant. 
Hence the flux-linkage current relationships of Eqs. C.52 through C.58 become 


Ap = Lsip + Lmipr (11.62) 
hg = Lsig + Lmior (11.63) 
Apr = Lip + Lripr (11.64) 
hor = Lig + Lrior (11.65) 


In these equations, the subscripts D, Q, DR, and QR represent the constant 
values of the direct- and quadrature-axis components of the stator and rotor quantities 
respectively. It is a straight-forward matter to show that the inductance parameters 
can be determined from the equivalent-circuit parameters as 


Xm 
tose (11.66) 
Med 
oy pea (11.67) 
Wei 
Xx 
Pesto (11.68) 
Wed 


where the subscript 0 indicates the rated-frequency value. 
The transformed voltage equations Eqs. C.63 through C.68 become 


Up = Rip — WeAQ a 1.69) 
ig S Rilo Fests (11.70) 
O = Raripr — (We — @me)AQR (11.71) 


O = Rarigr + (We — Wme)ADR (11.72) 
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where one can show that the resistances are related to those of the equivalent circuit 
as 


R, = Ri (11.73) 
and 
Rar = Ro (11.74) 


For the purposes of developing a field-oriented-control scheme, we will begin 
with the torque expression of Eq. C.70 


3 / poles L ‘ : 
Tech = > (? 2 ) (3) (ApRig — aria) (11.75) 


For the derivation of the dqO transformation in Section C.3, the angular velocity 
of the reference frame was chosen to the synchronous speed as determined by the 
stator electrical frequency we. It was not necessary for the purposes of the derivation 
to specify the absolute angular location of the reference frame. It is convenient at this 
point to choose the direct axis of the reference frame aligned with the rotor flux. 

If this is done 


Aor = 0 (11.76) 


and the torque expression of Eq. 11.75 becomes 


3 / poles Lin ; 
T, = — | — = 11.77 
mech = 5 ( 5 ) ( 2) pRig ( ) 


From Eq. 11.71 we see that 


ipr = 0 (11.78) 
and thus 
Apr = Emip (11.79) 
and 
ee Eas (11.80) 


From Egs. 11.79 and 11.80 we see that by choosing set Agr = 0 and thus aligning 
the synchronously rotating reference frame with the axis of the rotor flux, the direct- 
axis rotor flux (which is, indeed, the total rotor flux) as well as the direct-axis flux are 
determined by the direct-axis component of the armature current. Notice the direct 
analogy with a dc motor. In a de motor, the field- and direct-axis armature fluxes are 
determined by the field current and in this field-oriented control scheme, the rotor 
and direct-axis armature fluxes are determined by the direct-axis armature current. 
In other words, in this field-oriented control scheme, the direct-axis component of 
armature current serves the same function as the field current in a dc machine. 

The torque equation, Eq. 11.77, completes the analogy with the dc motor. We see 
that once the rotor direct-axis flux Apr is set by the direct-axis armature current, the 
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torque is then determined by the quadrature-axis armature current just as the torque 
is determined by the armature current in a de motor. 

In a practical implementation of the technique which we have derived, the direct- 
and quadrature-axis currents ip and ig must be transformed into the three motor phase 
currents i,(t), ip(t), and i,(t). This can be done using the inverse dqO transformation 
of Eq. C.48 which requires knowledge of 6s, the electrical angle between the axis of 
phase a, and the direct-axis of the synchronously rotating reference frame. 

Since it is not possible to measure the axis of the rotor flux directly, it is necessary 
to calculate 6s, where 65 = wet + 4 as given by Eq. C.46. Solving Eq. 11.72 for we 
gives 


oe RS (=) (11.81) 
ApR 
From Eq. 11.65 with Agr = 0 we see that 
Louie om be (11.82) 
IQR = Lr lg ‘ 
Eq. 11.82 in combination with Eq. 11.79 then gives 

R 1 fi 

We = Wme + a (2) = Ome + — (2) (11.83) 
LR \ip TR \ip 


where tr = Lr/ Rar is the rotor time constant. 
We can now integrate Eq. 11.83 to find 


Z 1 fi 

6s = one + = (2)| t+ (11.84) 
TR \lp 

where 6s indicates the calculated value of 6s (often referred to as the estimated value 

of @s). In the more general dynamic sense 


i Y 1 ] 
as = i ln + — (2)] dt’ +4 (11.85) 
0 TR \JD 


Note that both Eqs. 11.84 and 11.85 require knowledge of 6, the value of Og at 
t = 0. Although we will not prove it here, it turns out that in a practical implementation, 
the effects of an error in this initial angle decay to zero with time, and hence it can 
be set to zero without any loss of generality. 

Figure 11.21a shows a block diagram of a field-oriented torque-control system 
for an induction machine. The block labeled “Estimator” represents the calculation 
of Eq. 11.85 which calculates the estimate of 9g required by the transformation from 
dq0 to abc variables. 

Note that a speed sensor is required to provide the rotor speed measurement 
required by the estimator. Also notice that the estimator requires knowledge of the 
rotor time constant tp = Lr/Rar. In general, this will not be known exactly, both 
due to uncertainty in the machine parameters as well as due to the fact that the rotor 
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Figure 11.21 (a) Block diagram of a field-oriented torque-control system 
for an induction motor. (b) Block diagram of an induction-motor speed-control 
loop built around a field-oriented torque control system. 


resistance Rar will undoubtedly change with temperature as the motor is operated. It 
can be shown that errors in tp result in an offset in the estimate of 6s, which in turn 
will result in an error in the estimate for the position of the rotor flux with the result 
that the applied armature currents will not be exactly aligned with the direct- and 
quadrature-axes. The torque controller will still work basically as expected, although 
there will be corresponding errors in the torque and rotor flux. 

As with the synchronous motor, the rms armature flux-linkages can be found 
from Eq. 11.38 as 


AB +43 


(Aa) rms = 5) 


(11.86) 
Combining Eqs. 11.63 and 11.82 gives 


L2 
ho = Lsig + Lmigr = (zs 2 2) io (11.87) 
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Substituting Eqs. 11.80 and 11.87 into Eq. 11.86 gives 


; jae ee 
Leip + (Zs = i) ig 
2 


Finally, as discussed in the footnote to Eq. 11.37, the rms line-to-neutral armature 
voltage can be found as 


v1) P12 _ [| (Raiv — @eAQ)? + (Raig + edd)? 
ay at4! 
2 2 


These equations show that the armature flux linkages and terminal voltage are 
determined by both the direct- and quadrature-axis components of the armature cur- 
rent. Thus, the block marked “Auxiliary Controller” in Fig. 11.21a, which calculates 
the reference values for the direct- and quadrature-axis currents, must calculate the 
reference currents (ip) rep and (ig)rer Which achieve the desired torque subject to con- 
straints on armature flux linkages (to avoid saturation in the motor), armature current, 
(a)rms = / (if + 16)/2 (to avoid excessive armature heating) and armature voltage 
(to avoid potential insulation damage). 

Note that, as we discussed with regard to synchronous machines in Section 11.2.2, 
the torque-control system of Fig. 11.21a is typically imbedded within a larger control 
loop. One such example is the speed-control loop of Fig. 11.21b. 


(Aa)rms = d 1.88) 


. 2 a 2 . * 
Rip — We (Zs = 7 Ji) + (Raic + @eLsip)* 
2 


(11.89) 


The three-phase, 230-V, 60-Hz, 12-kW, four-pole induction motor of Example 6.7 and Exam- 
ple 11.11 is to be driven by a field-oriented speed-control system (similar to that of Fig. 11.21b) 
at a speed of 1740 r/min. Assuming the controller is programmed to set the rotor flux linkages 
Apr to the machine rated peak value, find the rms amplitude of the armature current, the elec- 
trical frequency, and the rms terminal voltage, if the electromagnetic power is 9.7 kW and the 
motor is operating at a speed of 1680 r/min. 


# Solution 
We must first determine the parameters for this machine. From Egs. 11.66 through Eq. 11.74 


L Xm 18.7 49 6 H 
n= — = -Om 
Meo 1207 

xX 0.680 

Ls = Ly + — = 49.6 mH + —— = 51.41 mH 
e0) 1207 

Xx 0.672 

Le = La + 


= 49.6 mH + —— =51.39 mH 
mH + 0n m 


ee | 


R, = R, = 0.095 Q 


Riz = R2 = 0.2 Q 
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The rated rms line-to-neutral terminal voltage for this machine is 230/./3 = 132.8 V and 
thus the peak rated flux for this machine is 


V2Va)raes _ V2 x 132.8 


= = 0.498 Wb 
We 120x 


(A rated) peak _ 


For the specified operating condition 


w uw 
Om =n (=) = 1680 (=) = 176 rad/sec 


and the mechanical torque is 


Pech a 9.7 x 10° 


551 N 
te 176 Se 


Tnech == 


From Eq. 11.77, with Apr = Arated = 0.498 Wb 
bs 2 2 Le Tech 
ee poles Lin ae 

2/2 51.39 x 10° 55.1 
= = 38.2A 
3 ) (a x 1053 ) & 


Xr . 
SOR 2 st =10.0A 
Lm 49.6 x 10-3 


From Eq. 11.79, 


ip = 
The rms armature current is thus 


reap. 02 + 38.22 
eg Oe eS oR 0A 


The electrical frequency can be found from Eq. 11.81 
Rir [ ig 
We =>: Ome + Lr (2) 
With @ne = (poles/2)@, = 2 x 176 = 352 rad/sec 


0.2 38.2 
. = 352 = 367 rads 
ey (says =) (Fa) Pore 


and f, = w,/(27) = 58.4 Hz. 
Finally, from Eq. 11.89, the rms line-to-neutral terminal voltage 


2 
(Rio a (ts = iB Jia) + (Reig + weL sip)? 


R 


2 


V, = 


= 140.6 V line-to-neutral = 243.6 V line-to-line 
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| Practice Problem 11.12 | Problem 11.12 


Consider again the induction motor and field-oriented-control system of Example 11.12. As- 
sume that the speed is readjusted to 1700 r/min and that the electromagnetic power is known to 
increase to 10.0 kW. Find the rms amplitude of the armature current, the electrical frequency, 
and the rms terminal voltage for this new operating condition. 


Solution 


Armature current = 28.4 A 
fe = 59.1 Hz 
Terminal voltage = 142.5 V line-to-neutral = 246.9 V line-to-line 


The ability to independently control the rotor flux and the torque has important 
control implications. Consider, for example, the response of the direct-axis rotor flux 
to a change in direct-axis current. Equation C.66, with Agr = 0, becomes 


diar 


0 => Rartar + HE (11.90) 
Substituting for igp in terms of Agp 
AgR — Eni. 
pe es (11.91) 
LR 

gives a differential equation for the rotor flux linkages Apr 

diar Rar Ln \. 
Agr = {| — 11.92 
ae + (FE) ae = (2) i (11.92) 


From Eq. 11.92 we see that the response of the rotor flux to a step change in direct- 
axis Current ig is relatively slow; Agr will change exponentially with the rotor time 
constant of tr = Lr/ Rar. Since the torque is proportional to the product AdRig we see 
that fast torque response will be obtained from changes in ig. Thus, for example, to 
implementa step change in torque, a practical control algorithm might start with a step 
change in (ig);er to achieve the desired torque change, followed by an adjustment in 
(ip) ref (and hence Agr) to readjust the armature current or terminal voltage as desired. 
This adjustment in (ip) re Would be coupled with a compensating adjustment in (iQ) ref 
to maintain the torque at its desired value. 


}EXAMPLE 11-13 


Consider again the induction motor of Example 11.12. Assuming the motor speed and electro- 


magnetic power remain constant (at 1680 r/min and 9.7 kW), use MATLAB to plot the per-unit 
armature current /, and terminal voltage V, as a function of ip as (Apr) rer is varied between 0.8 
and 1.2 per unit, where 1.0 per unit corresponds to the rated peak value. 


@ Solution 
The desired plot is given in Fig. 11.22. Note that the armature current decreases and the terminal 
voltage increases as Apr is increased. This clearly shows how ip, which controls App, can be 
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Figure 11.22 MATLAB plot for Example 11.13 showing the effect of the direct-axis 
current fp on the armature voltage and current for an induction motor at constant speed 
and load. 


chosen to optimize the tradeoff between such quantities as armature current, armature flux 
linkages, and terminal voltage. 
Here is the MATLAB script: 


ele 
clear 


Motor rating and characteristics 


Prated 1263; 

Vrated = 230; 

Varated = 230/sqrt(3); 

ferated = 60; 

omegaerated = 2*pi*ferated; 

Lambdarated = sqrt (2)*Varated/omegaerated; 
Irated = Prated/ (sqrt (3)*Vrated); 
Ipeakbase = sqrt(2)*Irated; 

poles = 4; 


i 


SHere are the 60-Hz motor parameters 
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V10 = Vrated/sqrt(3); 


X10 = 0.680; 
X20 = 0.672; 
Xm0 = 18.7; 
R1 = 0.095; 
R2 = 0.2; 


SCalculate required dq0Q parameters 
Lm = Xm0/omegaerated; 


LS = Lm + X10/omegaerated; 
LR = Lm + X20/omegaerated; 
Ra = Rl; 

RaR = R2; 

% Operating point 

n = 1680; 

omegam = n*pi/30; 

omegame = (poles/2)*omegam; 
Pmech = 9.7e3; 


Tmech = Pmech/omegam; 


% Loop to plot over lambdaDR 
for n = 1:41 
lambdaDR = (0.8 + (n-1)*0.4/40) *Lambdarated; 
lambdaDRpu(n) = lambdaDR/Lambdarated; 
iQ = (2/3)*(2/poles) *{LR/Lm) * (Tmech/lambdaDR) ; 
iD = (lambdaDR/Lm) ; 
iDpu(n) = iD/Ipeakbase; 
1QR = - (Lm/LR)*iQ; 
Ta = sqrt((iD*2 + i0%2)/2); 
Tapu(n) = Ia/Irated; 
omegae = omegame - (RaR/LR)*(iQ/iD); 
fe(n) = omegae/(2*pi); 
Varms = sqrt ({((Ra*iD-omegae* (LS-Lm*2/LR) *iQ)*2 + 
(Ra*iQ+ omegae*LS*iD)%*2)/2); 


Vapu(n) = Varms/Varated; 
end 
SNow plot 
plot (iDpu, Iapu) 
hold 
plot (iDpu,Vapu,'‘:') 
hold 


xlabel(‘i_D [per unit]’) 
ylabel (‘per unit’) 
text (.21,1.06,'Ia’) 
text (.21,.83,'Va') 


11.4 Control of Variable-Reluctance Motors 


11.4 CONTROL OF VARIABLE-RELUCTANCE 
MOTORS 


Unlike de and ac (synchronous or induction) machines, VRMs cannot be simply 
“plugged in” to a dc or ac source and then be expected to run. As is dicussed in 
Chapter 8, the phases must be excited with (typically unipolar) currents, and the 
timing of these currents must be carefully correlated with the position of the rotor 
poles in order to produce a useful, time-averaged torque. The result is that although 
the VRM itself is perhaps the simplest of rotating machines, a practical VRM drive 
system is relatively complex. 

VRM drive systems are competitive only because this complexity can be realized 
easily and inexpensively through power and microelectronic circuitry. These drive 
systems require a fairly sophisticated level of controllability for even the simplest 
modes of VRM operation. Once the capability to implement this control is available, 
fairly sophisticated control features can be added (typically in the form of additional 
software) at little additional cost, further increasing the competitive position of VRM 
drives. 

In addition to the VRM itself, the basic VRM drive system consists of the follow- 
ing components: a rotor-position sensor, a controller, and an inverter. The function 
of the rotor-position sensor is to provide an indication of shaft position which can be 
used to control the timing and waveform of the phase excitation. This is directly anal- 
ogous to the timing signal used to control the firing of the cylinders in an automobile 
engine. 

The controller is typically implemented in software in microelectronic (micro- 
processor) circuitry. Its function is to determine the sequence and waveforms of the 
phase excitation required to achieve the desired motor speed-torque characteristics. In 
addition to set points of desired speed and/or torque and shaft position (from the shaft- 
position sensor), sophisticated controllers often employ additional inputs including 
shaft-speed and phase-current magnitude. Along with the basic control function of 
determining the desired torque for a given speed, the more sophisticated controllers 
attempt to provide excitations which are in some sense optimized (for maximum 
efficiency, stable transient behavior, etc.). 

The control circuitry consists typically of low-level electronics which cannot be 
used to directly supply the currents required to excite the motor phases. Rather its 
output consists of signals which control an inverter which in turn supplies the phase 
currents. Control of the VRM is achieved by the application of an appropriate set of 
currents to the VRM phase windings. 

Figures 11.23a to c show three common configurations found in inverter systems 
for driving VRMs. Note that these are simply H-bridge inverters of the type discussed 
in Section 10.3. Each inverter is shown in a two-phase configuration. As is clear from 
the figures, extension of each configuration to drive additional phases can be readily 
accomplished. 

The configuration of Fig. 11.23a is perhaps the simplest. Closing switches S14 
and Sj, connects the phase-1 winding across the supply (v; = Vo) and causes the 
winding current to increase. Opening just one of the switches forces a short across 
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Figure 11.23 Inverter configurations. (a) Two-phase inverter which uses two switches per phase. 
(b) Two-phase inverter which uses a split supply and one switch per phase. (c) Two-phase inverter 
with bifilar phase windings and one switch per phase. 


the winding and the current will decay, while opening both switches connects the 
winding across the supply with negative polarity through the diodes (vj = — Vo) and 
the winding current will decay more rapidly. Note that this configuration is capable of 
regeneration (returning energy to the supply), but not of supplying negative current to 
the phase winding. However, since the torque in a VRM is proportional to the square 
of the phase current, there is no need for negative winding current. 

As discussed in Section 10.3.2, the process of pulse-width modulation, under 
which a series of switch configurations alternately charge and discharge a phase 
winding, can be used to contro] the average winding current. Using this technique, 
an inverter such as that of Fig. 11.23a can readily be made to supply the range of 
waveforms required to drive a VRM. 

The inverter configuration of Fig. 11.23a is perhaps the simplest of H-bridge 
configurations which provide regeneration capability. Its main disadvantage is that 
it requires two switches per phase. In many applications, the cost of the switches 
(and their associated drive circuitry) dominates the cost of the inverter, and the result 
is that this configuration is less attractive in terms of cost when compared to other 
configurations which require one switch per phase. 

Figure 11.23b shows one such configuration. This configuration requires a split 
supply (i.e., two supplies of voltage Vo) but only a single switch and diode per phase. 
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Closing switch S1 connects the phase-1 winding to the upper dc source. Opening the 
switch causes the phase current to transfer to diode D1, connecting the winding to 
the bottom dc source. Phase 1 is thus supplied by the upper dc source and regenerates 
through the bottom source. Note that to maintain symmetry and to balance the energy 
supplied from each source equally, phase 2 is connected oppositely so that it is supplied 
from the bottom source and regenerates into the top source. 

The major disadvantages of the configuration of Fig. 11.23b are that it requires a 
split supply and that when the switch is opened, the switch must withstand a voltage 
of 2Vo. This can be readily seen by recognizing that when diode D1 is forward-biased, 
the switch is connected across the two supplies. Such switches are likely to be more 
expensive than the switches required by the configuration of Fig. 11.23a. Both of 
these issues will tend to offset some of the economic advantage which can be gained 
by the elimination of one switch and one diode as compared with the inverter circuit 
of Fig. 11.23a. 

A third inverter configuration is shown in Fig. 11.23c. This configuration requires 
only a single de source and uses only a single switch and diode per phase. This 
configuration achieves regeneration through the use of bifilar phase windings. In a 
bifilar winding, each phase is wound with two separate windings which are closely 
coupled magnetically (this can be achieved by winding the two windings at the same 
time) and can be thought of as the primary and secondary windings of a transformer. 

When switch S1 is closed, the primary winding of phase 1 is energized, exciting 
the phase winding. Opening the switch induces a voltage in the secondary winding 
(note the polarity indicated by the dots in Fig. 11.23c) in such a direction as to forward- 
bias D1. The result is that current is transferred from the primary to the secondary 
winding with a polarity such that the current in the phase decays to zero and energy 
is returned to the source. 

Although this configuration requires only a single dc source, it requires a switch 
which must withstand a voltage in excess of 2Vo (the degree of excess being deter- 
mined by the voltage developed across the primary leakage reactance as current is 
switched from the primary to the secondary windings) and requires the more complex 
bifilar winding in the machine. In addition, the switches in this configuration must 
include snubbing circuitry (typically consisting of a resistor-capacitor combination) 
to protect them from transient overvoltages. These overvoltages result from the fact 
that although the two windings of the bifilar winding are wound such that they are as 
closely coupled as possible, perfect coupling cannot be achieved. As a result, there 
will be energy stored in the leakage fields of the primary winding which must be 
dissipated when the switch is opened. 

As is discussed in Section 10.3, VRM operation requires control of the current 
applied to each phase. For example, one control strategy for constant torque production 
is to apply constant current to each phase during the time that dL /d6,, for that phase 
is constant. This results in constant torque proportional to the square of the phase- 
current magnitude. The magnitude of the torque can be controlled by changing the 
magnitude of the phase current. 

The control required to drive the phase windings of a VRM is made more com- 
plex because the phase-winding inductances change both with rotor position and 
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with current levels due to saturation effects in the magnetic material. As a result, 
it is not possible in general to implement an open-loop PWM scheme based on a 
precalculated algorithm. Rather, pulse-width-modulation is typically accomplished 
through the use of current feedback. The instantaneous phase current can be measured 
and a switching scheme can be devised such that the switch can be turned off when 
the current has been found to reach a desired maximum value and turned on when 
the current decays to a desired minimum value. In this manner the average phase 
current is controlled to a predetermined function of the rotor position and desired 
torque. 

This section has provided a brief introduction to the topic of drive systems for 
variable-reluctance machines. In most cases, many additional issues must be con- 
sidered before a practical drive system can be implemented. For example, accurate 
rotor-position sensing is required for proper control of the phase excitation, and the 
control loop must be properly compensated to ensure its stability. In addition, the fi- 
nite rise and fall times of current buildup in the motor phase windings will ultimately 
limit the maximum achievable rotor torque and speed. 

The performance of a complete VRM drive system is intricately tied to the 
performance of all its components, including the VRM, its controller, and its inverter. 
In this sense, the VRM is quite different from the induction, synchronous, and dc 
machines discussed earlier in this chapter. As a result, itis useful to design the complete 
drive system as an integrated package and not to design the individual components 
(VRM, inverter, controller, etc.) separately. The inverter configurations of Fig. 11.23 
are representative of a number of possible inverter configurations which can be used 
in VRM drive systems. The choice of an inverter for a specific application must be 
made based on engineering and economic considerations as part of an integrated 
VRM drive system design. 


11.5 SUMMARY 


This chapter introduces various techniques for the control of electric machines. The 
broad topic of electric machine control requires a much more extensive discussion 
than is possible here so our objectives have been somewhat limited. Most noticeably, 
the discussion of this chapter focuses almost exclusively on steady-state behavior, 
and the issues of transient and dynamic behavior are not considered. 

Much of the control flexibility that is now commonly associated with electric 
machinery comes from the capability of the power electronics that is used to drive 
these machines. This chapter builds therefore on the discussion of power electronics 
in Chapter 10. 

The starting point is a discussion of dc motors for which it is convenient to 
subdivide the control techniques into two categories: speed and torque control. The 
algorithm for speed control in a dc motor is relatively straight forward. With the 
exception of a correction for voltage drop across the armature resistance, the steady- 
state speed is determined by the condition that the generated voltage must be equal to 
the applied armature voltage. Since the generated voltage is proportional to the field 
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flux and motor speed, we see that the steady-state motor speed is proportional to the 
armature voltage and inversely proportional to the field flux. 

An alternative viewpoint is that of torque control. Because the commutator/brush 
system maintains a constant angular relationship between the field and armature flux, 
the torque in a dc motor is simply proportional to the product of the armature current 
and the field flux. As a result, dc motor torque can be controlled directly by controlling 
the armature current as well as the field flux. 

Because synchronous motors develop torque only at synchronous speed, the 
speed of a synchronous motor is simply determined by the electrical frequency of 
the applied armature excitation. Thus, steady-state speed control is simply a matter 
of armature frequency control. Torque control is also possible. By transforming the 
stator quantities into a reference frame rotating synchronously with the rotor (us- 
ing the dq0 transformation of Appendix C), we found that torque is proportional to 
the field flux and the component of armature current in space quadrature with the 
field flux. This is directly analogous to the torque production in a de motor. Con- 
trol schemes which adopt this viewpoint are referred to as vector or field-oriented 
control. 

Induction machines operate asynchronously; rotor currents are induced by the 
relative motion of the rotor with respect to the synchronously rotating stator-produced 
flux wave. When supplied by a constant-frequency source applied to the armature 
winding, the motor will operate at a speed somewhat lower than synchronous speed, 
with the motor speed decreasing as the load torque is increased. As a result, precise 
speed regulation is not a simple matter, although in most cases the speed will not vary 
from synchronous speed by an excessive amount. 

Analogous to the situation in a synchronous motor, in spite of the fact that the 
rotor of an induction motor rotates at less than synchronous speed, the interaction 
between the rotor and stator flux waves is indeed synchronous. As a result, a trans- 
formation into a synchronously rotating reference frame results in rotor and stator 
flux waves which are constant. The torque can then be expressed in terms of the 
product of the rotor flux linkages and the component of armature current in quadra- 
ture with the rotor flux linkages (referred to as the quadrature-axis component of 
the armature current) in a fashion directly analogous to the field-oriented viewpoint 
of a synchronous motor. Furthermore, it can be shown that the rotor flux linkages 
are proportional to the direct-axis component of the armature current, and thus the 
direct-axis component of armature current behaves much like the field current in a 
synchronous motor. This field-oriented viewpoint of induction machine control, in 
combination with the power-electronic and control systems required to implement 
it, has led to the widespread applicability of induction machines to a wide range of 
variable-speed applications. 

Finally, this chapter ends with a brief discussion of the control of variable- 
reluctance machines. To produce useful torque, these machines typically require rela- 
tively complex, nonsinusoidal current waveforms whose shape must be controlled as 
a function of rotor position. Typically, these waveforms are produced by pulse-width 
modulation combined with current feedback using an H-bridge inverter of the type 
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discussed in Chapter 10. The details of these waveforms depend heavily upon the 
geometry and magnetic properties of the VRM and can vary significantly from motor 
to motor. 
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11.7 PROBLEMS 


11.1 When operating at rated voltage, a 3-kW, 120-V, 1725 r/min separately 
excited dc motor achieves a no-load speed of 1718 r/min at a field current of 
0.70 A. The motor has an armature resistance of 145 mA and a shunt-field 
resistance of 104 (2. For the purposes of this problem you may assume the 
rotational losses to be negligible. 

This motor will control the speed of a load whose torque is constant at 

15.2 N-m over the speed range of 1500-1800 r/min. The motor will be 
operated at a constant armature voltage of 120 V. The field-winding will be 
supplied from the 120-V de armature supply via a pulse-width modulation 


11.2 


11.3 


11.4 


11.7 Problems 


system, and the motor speed will be varied by varying the duty cycle of the 

pulse-width modulation. 

a. Calculate the field current required to achieve operation at 15.2 N-m 
torque and 1800 r/min. Calculate the corresponding PWM duty cycle D. 

b. Calculate the field current required to achieve operation at 15.2 N-m 
torque and 1500 r/min. Calculate the corresponding PWM duty cycle. 

c. Plot the required PWM duty cycle as a function of speed over the desired 
speed range of 1500 to 1800 r/min. 

Repeat Problem 11.1 for a load whose torque is 15.2 N-m at 1600 r/min and 

which varies as the speed to the 1.8 power. 

The de motor of Problem 11.1 has a field-winding inductance L_ = 3.7 H 

and a moment of inertia J = 0.081 kg-m?. The motor is operating at rated 

terminal voltage and an initial speed of 1300 r/min. 

a. Calculate the initial field current Jp and duty cycle D. 

At time t = 0, the PWM duty cycle is suddenly switched from the value 

found in part (a) to D = 0.60. 

b. Calculate the final values of the field current and motor speed after the 
transient has died out. 

c. Write an expression for the field-current transient as a function of time. 
Write a differential equation for the motor speed as a function of time 
during this transient. 

A shunt-connected 240-V, 15-kW, 3000 r/min de motor has the following 

parameters 


Field resistance: Re = 132Q 
Armature resistance: R, = 0.168 Q 
Geometric constant: K¢ = 0.422 V/(A-rad/sec) 


When operating at rated voltage, no-load, the motor current is 1.56 A. 

a. Calculate the no-load speed and rotational loss. 

b. Assuming the rotational loss to be constant, use MATLAB to plot 
the motor output power as a function of speed. Limit your plot to a 
maximum power output of 15 kW. 

c. Armature-voltage control is to be used to maintain constant motor speed 
as the motor is loaded. For this operating condition, the shunt field 
voltage will be held constant at 240-V. Plot the armature voltage as a 
function of power output required to maintain the motor at a constant 
speed of 2950 r/min. 

d. Consider that the situation for armature-voltage control is applied to this 
motor while the field winding remains connected in shunt across the 
armature terminals. Repeat part (c) for this operating condition. Is such 
operation feasible? Why is the motor behavior significantly different 
from that in part (c)? 
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11.5 The data sheet for a small permanent-magnet dc motor provides the 
following parameters: 


Rated voltage: Vrated = 3 V 

Rated output power: Prated = 0.28 W 
No-load speed: Ny = 12,400 r/min 
Torque constant: Km = 0.218 mV/(r/min) 
Stall torque: Tota = 0.094 oz-in 


a. Calculate the motor armature resistance. 

b. Calculate the no-load rotational loss. 

c. Assume the motor to be connected to a load such that the total shaft 
power (actual load plus rotational loss) is equal 0.25 W at a speed of 
12,000 r/min. Assuming this load to vary as the square of the motor 
speed, write a MATLAB script to plot the motor speed as a function of 
terminal voltage for 1.0 V < V, < 3.0 V. 

11.6 The data sheet for a 350-W permanent-magnet de motor provides the 
following parameters: 


Rated voltage: Vrated = 24 V 
Armature resistance: ‘a = 97 mQ 
No-load speed: Ny = 3580 r/min 
No-load current: Iam = 0.47 A 


a. Calculate the motor torque-constant K,, in V/(rad/sec). 

b. Calculate the no-load rotational loss. 

c. The motor is supplied from a 30-V de supply through a PWM inverter. 
Table 11.1 gives the measured motor current as a function of the PWM 
duty cycle D. 


Complete the table by calculating the motor speed and the load power for 
each value of D. Assume that the rotational losses vary as the square of the 
motor speed. 


Table 11.1 Motor-performance data 
for Probiem 11.6. 


D qT, (A) r/min Proag CW) 


0.80 13.35 
0.75 12.70 
0.70 12.05 
0.65 11.40 
0.60 10.70 
0.55 10.05 


0.50 9.30 
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11.8 


11.9 


11.10 


11.7 Problems 


The motor of Problem 11.5 has a moment of inertia of 6.4 x 1077 oz-in-sec?. 


Assuming it is unloaded and neglecting any effects of rotational loss, 
calculate the time required to achieve a speed of 12,000 r/min if the motor 
is supplied by a constant armature current of 100 mA. 

An 1100-W, 150-V, 3000-r/min permanent-magnet dc motor is to 

be operated from a current-source inverter so as to provide direct 

control of the motor torque. The motor torque constant is Km = 0.465 
V/(rad/sec); its armature resistance is 1.37 Q. The motor rotational loss 

at a speed of 3000 r/min is 87 W. Assume that the rotational loss can 

be represented by a constant loss torque as the motor speed varies. 


a. Calculate the rated armature current of this motor. What is the 
corresponding mechanical torque in N-m? 

b. The current source supplies a current of 6.2 A to the motor armature, and 
the motor speed is measured to be 2670 r/min. Calculate the load torque 
and power. 


c. Assume the load torque of part (b) to vary linearly with speed and the 
motor and load to have a combined inertia of 2.28 x 1073 kg-m?. 
Calculate the motor speed as a function of time if the armature current 
is suddenly increased to 7.0 A. 


The permanent-magnet dc motor of Problem 11.8 is operating at its rated 
speed of 3000 r/min and no load. If rated current is suddenly applied to the 
motor armature in such a direction as to slow the motor down, how long 
will it take the motor to reach zero speed? The inertia of the motor alone is 
1.86 x 10-> kg-m?. Ignore the effects of rotational loss. 

A 1100-kVA, 4600-V, 60-Hz, three-phase, four-pole synchronous motor is 
to be driven from a variable-frequency, three-phase, constant V/Hz inverter 
rated at 1250-k VA. The synchronous motor has a synchronous reactance 
of 1.18 per unit and achieves rated open-circuit voltage at a field current 

of 85 A. 


a. Calculate the rated speed of the motor in r/min. 

b. Calculate the rated current of the motor. 

c. With the motor operating at rated voltage and speed and an input power 
of 1000-kW, calculate the field current required to achieve unity-power- 
factor operation. 

The load power of part (c) varies as the speed to the 2.5 power. With the 
motor field-current held fixed, the inverter frequency is reduced such that the 
motor is operating at a speed of 1300 r/min. 

d. Calculate the inverter frequency and the motor input power and power 
factor. 

e. Calculate the field current required to return the motor to unity power 
factor. 
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11.13 


11.14 


Consider a three-phase synchronous motor for which you are given the 
following data: 


Rated line-to-line voltage (V) 

Rated volt-amperes (VA) 

Rated frequency (Hz) and speed (r/min) 

Synchronous reactance in per unit 

Field current at rated open-circuit voltage (AFNL) (A) 


The motor is to be operated from a variable-frequency, constant V/Hz 

inverter at speeds of up to 120 percent of the motor-rated speed. 

a. Under the assumption that the motor terminal voltage and current cannot 
exceed their rated values, write a MATLAB script which calculates, for 
a given operating speed, the motor terminal voltage, the maximum 
possible motor input power, and the corresponding field current required 
to achieve this operating condition. You may consider the effects of 
saturation and armature resistance to be negligible. 

b. Exercise your program on the synchronous motor of Problem 11.10 for 
motor speeds of 1500 and 2000 r/min. 

For the purposes of performing field-oriented control calculations on 

non-salient synchronous motors, write a MATLAB script that will calculate 

the synchronous inductance L, and armature-to-field mutual inductance Lar, 

both in henries, and the rated torque in N-m, given the following data: 


Rated line-to-line voltage (V) 

Rated (VA) 

Rated frequency (Hz) 

Number of poles 

Synchronous reactance in per unit 

Field current at rated open-circuit voltage (AFNL) (A) 


A 100-kW, 460-V, 60-Hz, four-pole, three-phase synchronous machine is to 

be operated as a synchronous motor under field-oriented torque control using 

a system such as that shown in Fig. 11.13a. The machine has a synchronous 

reactance of 0.932 per unit and AFNL = 15.8 A. The motor is operating at 

rated speed, loaded to 50 percent of its rated torque at a field current of 

14.0 A with the field-oriented controller set to maintain ip = 0. 

a. Calculate the synchronous inductance L, and armature-to-field mutual 
inductance Lar, both in henries. 

b. Find the quadrature-axis current ig and the corresponding rms 
magnitude of the armature current i,. 


c. Find the motor line-to-line terminal voltage. 


The synchronous motor of Problem 11.13 is operating under field-oriented 
torque control such that ip = 0. With the field current set equal to 14.5 A and 


11.15 


11.16 


11.17 


11.7 Problems 


with the torque reference set equal to 0.75 of the motor rated torque, the 
motor speed is observed to be 1475 r/min. 


a. Calculate the motor output power. 


b. Find the quadrature-axis current ig and the corresponding rms 
magnitude of the armature current i,. 


c. Calculate the stator electrical frequency 
d. Find the motor line-to-line terminal voltage. 


Consider the case in which the load on the synchronous motor in the field- 
oriented torque-control system of Problem 11.13 is increased, and the motor 
begins to slow down. Based upon some knowledge of the load characteristic, 
it is determined that it will be necessary to raise the torque set point Tyrer from 
50 percent to 80 percent of the motor-rated torque to return the motor to its 
rated speed. 


a. If the field current were left unchanged at 14.0 A, calculate the values of 
quadrature-axis current, rms armature current, and motor line-to-line 
terminal voltage (in V and in per unit) which would result in response to 
this change in reference torque. 


b. To achieve this operating condition with reasonable armature terminal 
voltage, the field-oriented control algorithm is changed to the unity- 
power-factor algorithm described in the text prior to Example 11.9. 
Based upon that algorithm, calculate 

(i) the motor terminal line-to-line terminal voltage (in V and in 
per unit). 
(ii) the rms armature current. 
(iii) the direct- and quadrature-axis currents, ip and ig. 
(iv) the motor field current. 


Consider a 500-kW, 2300-V, 50-Hz, eight-pole synchronous motor with a 
synchronous reactance of 1.18 per unit and AFNL = 94 A. It is to be 
operated under field-oriented torque control using the unity-power-factor 
algorithm described in the text following Example 11.8. It will be used to 
drive a load whose torque varies quadratically with speed and whose torque 
at a speed of 750 r/min is 5900 N-m. The complete drive system will include 
a speed-control loop such as that shown in Fig. 11.13b. 

Write a MATLAB script whose input is the desired motor speed (up to 
750 r/min) and whose output is the motor torque, the field current, the direct- 
and quadrature-axis currents, the armature current, and the line-to-line 
terminal voltage. Exercise your script for a motor speed of 650 r/min. 
A 2-kVA, 230-V, two-pole, three-phase permanent magnet synchronous 
motor achieves rated open-circuit voltage at a speed of 3500 r/min. Its 
synchronous inductance is 17.2 mH. 


a. Calculate Apy for this motor. 


b. Ifthe motor is operating at rated voltage and rated current at a speed of 
3600 r/min, calculate the motor power in kW and the peak direct- and 
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11.18 


11.19 


11.21 


quadrature-axis components of the armature current, ip and ig 
respectively. 


Field-oriented torque control is to be applied to the permanent-magnet 

synchronous motor of Problem 11.18. If the motor is to be operated at 

4000 r/min at rated terminal voltage, calculate the maximum torque and 

power which the motor can supply and the corresponding values of ip 

and ig. 

A 15-kVA, 230-V, two-pole, three-phase permanent-magnet synchronous 

motor has a maximum speed of 10,000 r/min and produces rated open-circuit 

voltage at a speed of 7620 r/min. It has a synchronous inductance of 

1.92 mH. The motor is to be operated under field-oriented torque control. 

a. Calculate the maximum torque the motor can produce without exceeding 
rated armature current. 

b. Assuming the motor to be operated with the torque controller adjusted to 
produce maximum torque (as found in part (a)) and ip = 0, calculate the 
maximum speed at which it can be operated without exceeding rated 
armature voltage. 

c. To operate at speeds in excess of that found in part (b), flux weakening 
will be employed to maintain the armature voltage at its rated value. 
Assuming the motor to be operating at 10,000 r/min with rated armature 
voltage and current, calculate 

(i) the direct-axis current ip. 

(ii) the quadrature-axis current ig. 
(iii) the motor torque. 
(iv) the motor power and power factor. 

The permanent magnet motor of Problem 11.17 is to be operated under 

vector control using the following algorithm. 


Terminal voltage not to exceed rated value 
Terminal current not to exceed rated value 


ip = 0 unless flux weakening is required to avoid excessive armature 
voltage 


Write a MATLAB script to produce plots of the maximum power and 
torque which this system can produce as a function of motor speed for 
speeds up to 10,000 r/min. 

Consider a 460-V, 25-kW, four-pole, 60-Hz induction motor which has the 
following equivalent-circuit parameters in ohms per phase referred to the 
stator: 


R; =0.103  Rz=0.225 X,;=1.10 X2=1.13 Xp =594 


The motor is to be operated from a variable frequency, constant-V/Hz drive 
whose output is 460-V at 60-Hz. Neglect any effects of rotational loss. The 
motor drive is initially adjusted to a frequency of 60 Hz. 
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11.7 Problems 


a. Calculate the peak torque and the corresponding slip and motor speed 
in r/min. 


b. Calculate the motor torque at a slip of 2.9 percent and the corresponding 
output power. 


c. The drive frequency is now reduced to 35 Hz. If the load torque remains 
constant, estimate the resultant motor speed in r/min. Find the resultant 
motor slip, speed in r/min, and output power. 


Consider the 460-V, 250-kW, four-pole induction motor and drive system of 
Problem 11.21. 


a. Write a MATLAB script to plot the speed-torque characteristic of the 
motor at drive frequencies of 20, 40, and 60 Hz for speeds ranging from 
—200 r/min to the synchronous speed at each frequency. 


b. Determine the drive frequency required to maximize the starting torque 
and calculate the corresponding torque in N-m. 


A 550-kW, 2400-V, six-pole, 60-Hz three-phase induction motor has the 
following equivalent-circuit parameters in ohms-per-phase-Y referred to the 
stator: 


R, =0.108 Ry =0.296 X,;=1.18 X2=1.32 Xm = 48.4 


The motor will be driven by a constant-V/Hz drive whose voltage is 2400 V 
at a frequency of 60 Hz. 

The motor is used to drive a load whose power is 525 kW at a speed of 
1138 r/min and which varies as the cube of speed. Using MATLAB, plot the 
motor speed as a function of frequency as the drive frequency is varied 
between 20 and 60 Hz. 

A 150-kW, 60-Hz, six-pole, 460-V three-phase wound-rotor induction motor 
develops full-load torque at a speed of 1157 r/min with the rotor short- 
circuited. An external noninductive resistance of 870 m®Q is placed in series 
with each phase of the rotor, and the motor is observed to develop its rated 
torque at a speed of 1072 r/min. Calculate the resistance per phase of the 
original motor. 

The wound rotor of Problem 11.24 will be used to drive a constant-torque 
load equal to the rated full-load torque of the motor. Using the results of 
Problem 11.24, calculate the external rotor resistance required to adjust the 
motor speed to 850 r/min. 

A 75-kW, 460-V, three-phase, four-pole, 60-Hz, wound-rotor induction 
motor develops a maximum internal torque of 212 percent at a slip of 

16.5 percent when operated at rated voltage and frequency with its rotor 
short-circuited directly at the slip rings. Stator resistance and rotational 
losses may be neglected, and the rotor resistance may be assumed to be 
constant, independent of rotor frequency. Determine 


a. the slip at full load in percent. 
b. the rotor /*R loss at full load in watts. 
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11.28 


c. the starting torque at rated voltage and frequency N-m. 

If the rotor resistance is now doubled (by inserting external series 
resistance at the slip rings), determine 
d. the torque in N-m when the stator current is at its full-load value. 

e. the corresponding slip. 

A 35-kW, three-phase, 440-V, six-pole wound-rotor induction motor 

develops its rated full-load output at a speed of 1169 r/min when operated at 

rated voltage and frequency with its slip rings short-circuited. The maximum 

torque it can develop at rated voltage and frequency is 245 percent of full- 

load torque. The resistance of the rotor winding is 0.23 Q2/phase Y. Neglect 

rotational and stray-load losses and stator resistance. 

a. Compute the rotor /*R loss at full load. 

b. Compute the speed at maximum torque. 

c. How much resistance must be inserted in series with the rotor to produce 
maximum starting torque? 

The motor is now run from a 50-Hz supply with the applied voltage 
adjusted so that, for any given torque, the air-gap flux wave has the same 
amplitude as it does when operated 60 Hz at the same torque level. 

d. Compute the 50-Hz applied voltage. 

e. Compute the speed at which the motor will develop a torque equal to its 
rated value at 60-Hz with its slip rings short-circuited. 

The three-phase, 2400-V, 550-kW, six-pole induction motor of 

Problem 11.23 is to be driven from a field-oriented speed-control system 

whose controller is programmed to set the rotor flux linkages Apr equal to 

the machine rated peak value. The machine is operating at 1148 r/min 

driving a load which is known to be 400 kW at this speed. Find: 

a. the value of the peak direct- and quadrature-axis components of the 
armature currents ip and ig. 

b. the rms armature current under this operating condition. 

c. the electrical frequency of the drive in Hz. 

d. the rms line-to-line armature voltage. 

A field-oriented drive system will be applied to a 230-V, 20-kW, four-pole, 

60-Hz induction motor which has the following equivalent-circuit 

parameters in ohms per phase referred to the stator: 


R, = 0.0322 Ry =0.0703 X; = 0.344 X2=0.353 Xm = 18.6 


The motor is connected to a load whose torque can be assumed proportional 

to speed as Tigag = 85(n/1800) N-m, where n is the motor speed in r/min. 
The field-oriented controller is adjusted such that the rotor flux linkages 

Apr are equal to the machine’s rated peak flux linkages, and the motor speed 

is 1300 r/min. Find 

a. the electrical frequency in Hz. 


b. the rms armature current and line-to-line voltage. 
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c. the motor input kVA. 


If the field-oriented controller is set to maintain the motor speed at 
1300 r/min, write a MATLAB script to plot the rms armature V/Hz as a 
percentage of the rated V/Hz as a function of Apr as Apr is varied between 
80 and 120 percent of the machine’s rated peak flux linkages. 

The 20-kW induction motor-drive and load of Problem 11.29 is operating at 

a speed of 1450 r/min with the field-oriented controller adjusted to maintain 

the rotor flux linkages Apr equal to the machine’s rated peak value. 

a. Calculate the corresponding values of the direct- and quadrature-axis 
components of the armature current, ip and ig, and the rms armature 
current. 

b. Calculate the corresponding line-to-line terminal voltage drive electrical 
frequency. 

The quadrature-axis current ig is now increased by 10 percent while the 
direct-axis current is held constant. 


c. Calculate the resultant motor speed and power output. 

d. Calculate the terminal voltage and drive frequency. 

e. Calculate the total kVA input into the motor. 

f. With the controller set to maintain constant speed, determine the set point 
for Apr, as a percentage of rated peak flux linkages, that sets the terminal 
V/Hz equal to the rated machine rated V/Hz. (Hint: This solution is most 
easily found using a MATLAB script to search for the desired result.) 

A three-phase, eight-pole, 60-Hz, 4160-V, 1250-kW squirrel-cage induction 

motor has the following equivalent-circuit parameters in ohms-per-phase-Y 

referred to the stator: 


Ri = 0.212: R= 0.348 X,=187 X,=227 Xn = 446 


It is operating from a field-oriented drive system at a speed of 805 r/min and 

a power output of 1050 kW. The field-oriented controller is set to maintain 

the rotor flux linkages Apr equal to the machine’s rated peak flux linkages. 

a. Calculate the motor rms line-to-line terminal voltage, rms armature 
current, and electrical frequency. 

b. Show that steady-state induction-motor equivalent circuit and 
corresponding calculations of Chapter 6 give the same output power and 
terminal current when the induction motor speed is 828 r/min and the 
terminal voltage and frequency are equal to those found in part (a). 
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Three-Phase Circuits 


almost invariably involve a type of system or circuit called a polyphase system 

or polyphase circuit. In such a system, each voltage source consists of a group 
of voltages having related magnitudes and phase angles. Thus, an n-phase system 
employs voltage sources which typically consist of n voltages substantially equal 
in magnitude and successively displaced by a phase angle of 360°/n. A three-phase 
system employs voltage sources which typically consist of three voltages substantially 
equal in magnitude and displaced by phase angles of 120°. Because it possesses 
definite economic and operating advantages, the three-phase system is by far the 
most common, and consequently emphasis is placed on three-phase circuits in this 
appendix. 

The three individual voltages of a three-phase source may each be connected to 
its own independent circuit. We would then have three separate single-phase systems. 
Alternatively, as will be shown in Section A.1, symmetrical electric connections can 
be made between the three voltages and the associated circuitry to form a three-phase 
system. It is the latter alternative that we are concerned with in this appendix. Note 
that the word phase now has two distinct meanings. It may refer to a portion of a 
polyphase system or circuit, or, as in the familiar steady-state circuit theory, it may 
be used in reference to the angular displacement between voltage or current phasors. 
There is very little possibility of confusing the two. 


G eneration, transmission, and heavy-power utilization of ac electric energy 


A.1 GENERATION OF THREE-PHASE 
VOLTAGES 


Consider the elementary two-pole, three-phase generator of Fig. A.1. On the armature 
are three coils aa’, bb’, and cc’ whose axes are displaced 120° in space from each 
other. This winding can be represented schematically as shown in Fig. A.2. When 
the field is excited and rotated, voltages will be generated in the three phases in 
accordance with Faraday’s law. If the field structure is designed so that the flux is 


A.1 Generation of Three-Phase Voltages 
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in field winding 
Figure A.1 Elementary two-pole, three-phase generator. 


distributed sinusoidally over the poles, the flux linking any phase will vary sinusoidally 
with time, and sinusoidal voltages will be induced in the three phases. As shown in 
Fig. A.3, these three voltages will be displaced 120° electrical degrees in time as a 
result of the phases being displaced 120° in space. The corresponding phasor diagram 
is shown in Fig. A.4. In general, the time origin and the reference axis in diagrams 
such as Figs. A.3 and A.4 are chosen on the basis of analytical convenience. 

There are two possibilities for the utilization of voltages generated in this manner. 
The six terminals a, a’, b, b’, c, and c’ of the three-phase winding may be connected 
to three independent single-phase systems, or the three phases of the winding may 
be interconnected and used to supply a three-phase system. The latter procedure is 
adopted almost universally. The three phases of the winding may be interconnected 
in two possible ways, as shown in Fig. A.5. Terminals a’, b’, and c’ may be joined 
to form the neutral 0, yielding a Y connection, or terminals a and b’, b and c’, and c 
and a’ may be joined individually, yielding a A connection. In the Y connection, a 
neutral conductor, shown dashed in Fig. A.5a, may or may not be brought out. If a 
neutral conductor exists, the system is a four-wire, three-phase system; if not, it is 
a three-wire, three-phase system. In the A connection (Fig. A.5b), no neutral exists 
and only a three-wire, three-phase system can be formed. 


b! 
a 
; b 
a 
c b! A 
(a) 


- 
(b) 


Figure A.2 Schematic representation of the 
windings of Fig. A.1. 
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Figure A.3 Voltages generated in the windings 
of Figs. A.1 and A.2. 
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Figure A.4 Phasor 
diagram of generated 
voltages. 


Figure A.5 Three-phase connections: (a) Y connection and (b) A connection. 


The three phase voltages of Figs. A.3 and A.4, are equal and displaced in phase by 
120 degrees, a general characteristic of a balanced three-phase system. Furthermore, 
in a balanced three-phase system the impedance in any one phase is equal to that in 
either of the other two phases, so that the resulting phase currents are also equal and 
displaced in phase from each other by 120 degrees. Likewise, equal power and equal 


A.2 Three-Phase Voltages, Currents, and Power 


reactive power flow in each phase. An unbalanced three-phase system, however, may 
be unbalanced in one or more of many ways; the source voltages may be unbalanced, 
either in magnitude or in phase, or the phase impedances may not be equal. Note that 
only balanced systems are treated in this appendix, and none of the methods devel- 
oped or conclusions reached apply to unbalanced systems. Most practical analyses are 
conducted under the assumption of a balanced system. Many industrial loads are three- 
phase loads and therefore inherently balanced, and in supplying single-phase loads 
from a three-phase source definite efforts are made to keep the three-phase system 
balanced by assigning approximately equal single-phase loads to each of the three 
phases. 


A.2 THREE-PHASE VOLTAGES, CURRENTS, 
AND POWER 


When the three phases of the winding in Fig. A.1 are Y-connected, as in Fig. A.5a, 
the phasor diagram of voltages is that of Fig. A.6. The phase order or phase sequence 
in Fig. A.6 is abc; that is, the voltage of phase a reaches its maximum 120° before 
that of phase b. 

The three-phase voltages V,, Vp, and V. are called line-to-neutral voltages. 
The three voltages Vab» Vic. and Vea are called line-to-line voltages. The use of 


Voc 


Figure A.G6 Voltage phasor diagram for a Y-connected system. 
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double-subscript notation in Fig. A.6 greatly simplifies the task of drawing the com- 
plete diagram. The subscripts indicate the points between which the voltage is deter- 
mined; for example, the voltage Vab i is calculated as Va, = V, _ Vp. 

By Kirchhoff’s voltage law, the line-to-line voltage Vay is 


Vip = V, — % = V3 V,230° (A.1) 


as shown in Fig. A.6. Similarly, 


Vic = V3 230° (A.2) 
and 
Veg = V3 V.L30° (A.3) 


These equations show that the magnitude of the line-to-line voltage is \/3 times the 
line-to-neutral voltage. 

When the three phases are A-connected, the corresponding phasor diagram of 
currents is given in Fig. A.7. The A currents are Tab, tbc, and f ca. By Kirchhoff’s 
current law, the line current [ a iS 


A 


f= Ta — be = V3 b42—30° (A.4) 


Figure A.7 Current phasor diagram for A connection. 
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as can be seen from the phasor diagram of Fig. A.7. Similarly, 

i, = V3 f4-L—30° (A.5) 
and 

i, = V3 Pegl—30° (A.6) 


Stated in words, Eqs. A.4 to A.6 show that for a A connection, the magnitude of 
the line current is /3 times that of the A current. Evidently, the relations between 
A currents and line currents of a A connection are similar to those between the 
line-to-neutral and line-to-line voltages of a Y connection. 

With the time origin taken at the maximum positive point of the phase-a voltage 
wave, the instantaneous voltages of the three phases are 


va(t) = V2 Vins COS wt (A.7) 
vp(t) = V2 Vis Cos (wt — 120°) (A.8) 
ve(t) = V2 Vems Cos (wt + 120°) (A.9) 


where V,ms is the rms value of the phase-to-neutral voltage. When the phase currents 
are displaced from the corresponding phase voltages by the angle 6, the instantaneous 
phase currents are 


ia(t) = V2 Ins CoS (wt + 8) (A.10) 
i,(t) = V2 Inms CoS (wt +6 — 120°) (A.11) 
ig(t) = V2 Inms Cos (wt + 6 + 120°) (A.12) 


where J,ms is the rms value of the phase current. 
The instantaneous power in each phase then becomes 


Pa(t) = va(t)ia(t) = Vimslrms[cos (2wt + 6) + cos 6] (A.13) 
Po(t) = vp(t)ip(t) = Vimslims[Cos (2wt + 6 — 240°) + cos 6] (A.14) 
Pelt) = velt)ic(t) = Vimsfrms[cos (2wt + 6 + 240°) + cos 6] (A.15) 
Note that the average power of each phase is equal 
<pa(t)> = <pp(t)> = <pe(t)> = Vimslims Cos 6 (A.16) 


The phase angle 6 between the voltage and current is referred to as the power-factor 

angle and cos @ is referred to as the power factor. If 6 is negative, then the power 

factor is said to be lagging; if @ is power, then the power factor is said to be leading. 
The total instantaneous power for al! three phases is 


P(t) = pat) + pot) + pelt) = 3Vims ims CoS O (A.17) 


Notice that the sum of the cosine terms which involve time in Eqs. A.13 to A.15 
(the first terms in the brackets) is zero. We have shown that the total of the instanta- 
neous power for the three phases of a balanced three-phase circuit is constant and 
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P = p(t) = total instantaneous three-phase power 


Pat) Delt) Py) 


<p,(t)>, <p,(t)>, 
<p,(t)> 


Figure A.8 = |nstantaneous power in a three-phase system. 


does not vary with time. This situation is depicted graphically in Fig. A.8. Instanta- 
neous powers for the three phases are plotted, together with the total instantaneous 
power, which is the sum of the three individual waves. The total instantaneous power 
for a balanced three-phase system is equal to 3 times the average power per phase. 
This is one of the outstanding advantages of polyphase systems. It is of particular 
advantage in the operation of polyphase motors since it means that the shaft-power 
output is constant and that torque pulsations, with the consequent tendency toward 
vibration, do not result. 

On the basis of single-phase considerations, the average power per phase P, 
for either a Y- or A-connected system connected to a balanced three-phase load of 
impedance Z, = Rp + j Xp Q/phase is 


Pp = Venefrms CO89 = 1° Ry (A.18) 
Here R, is the resistance per phase. The total three-phase power P is 
P = 3P, (A.19) 
Similarly, for reactive power per phase Q, and total three-phase reactive power Q, 
Op = Vans lms Sind = 1° Xp (A.20) 
and 
Q=30> (A.21) 


where X, is the reactance per phase. 


A.3  Y- and A-Connected Circuits 


The voltamperes per phase (VA), and total three-phase voltamperes VA are 
(WANS = Valo. 2. (A.22) 
VA = 3(VA)> (A.23) 


In Eqs. A.18 and A.20, 6 is the angle between phase voltage and phase current. 

As in the single-phase case, it is given by 
6 =tan! ts cos” Bp = sin 

Rp Zp P 


(A.24) 


The power factor of a balanced three-phase system is therefore equal to that of any 
one phase. 


A.3 Y- AND A-CONNECTED CIRCUITS 


Three specific examples are given to illustrate the computational details of Y- and 
A-connected circuits. Explanatory remarks which are generally applicable are incor- 
porated into the solutions. 


ne EXAMPLE At 


In Fig. A.9 is shown a 60-Hz transmission system consisting of a line having the impedance 
Z, = 0.05 + j0.20 Q, at the receiving end of which is a load of equivalent impedance Z; = 
10.0 + 73.00 82. The impedance of the return conductor should be considered zero. 


a. Compute the line current J; the load voltage V,; the power, reactive power, and 
voltamperes taken by the load; and the power and reactive-power loss in the line. 

Suppose now that three such identical systems are to be constructed to supply three 
such identical loads. Instead of drawing the diagrams one below the other, let them be 
drawn in the fashion shown in Fig. A.10, which is, of course, the same electrically. 

b. For Fig. A.10 give the current in each line; the voltage at each load; the power, reactive 
power, and voltamperes supplied to each load; the power and reactive-power loss in each 
of the three transmission systems; the total power, reactive power, and voltamperes 
supplied to the loads; and the total power and reactive-power loss in the three transmission 
systems. 


0.05 + j0.20 


Figure A.9 Circuit for Example A.1, 
part (a). 
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0.05 + j0.20 


120 V 10.0 + j3.00 


120 V 


10.0 + 3.00 


Figure A.10 Circuit for Example A.1, part (b). 


Next consider that the three return conductors are combined into one and that the 
phase relationship of the voltage sources is such that a balanced four-wire, three-phase 
system results, as in Fig. A.11. 

c. For Fig. A.11 give the line current; the load voltage, both line-to-line and line-to-neutral; 
the power, reactive power, and voltamperes taken by each phase of the load; the power and 
reactive-power loss in each line; the total three-phase power, reactive power, and 
voltamperes taken by the load; and the total power and reactive-power loss in the lines. 

d. In Fig. A.11 what is the current in the combined return or neutral conductor? 

e. Can this conductor be dispensed with in Fig. A.11 if desired? 

Assume now that this neutral conductor is omitted. This results in the three-wire, 
three-phase system of Fig. A.12. 

f. Repeat part (c) for Fig. A.12. 

g. On the basis of the results of this example, outline briefly the method of reducing a 
balanced three-phase Y-connected circuit problem to its equivalent single-phase problem. 
Be careful to distinguish between the use of line-to-line and line-to-neutral voltages. 


0.05 + 70.20 


10.0 + j3.00 


120 V 10.0 + 73.00 


0.05 + j0.20 


0.05 + j0.20 


Figure A.11 Circuit for Example A.1, parts (c) to (e). 
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0.05 + j0.20 


10.0 + 73.00 


10.0 + j3.00 & 10.0 + 73.00 


120 V 
0.05 + j0.20 


0.05 + 0.20 
Figure A.12 Circuit for Example A.1 part (f). 


@ Solution 
a. 


12 
l= eet eee =114A 
/ (0.05 + 10.0)? + (0.20 + 3.00)? 


V, = 1|Z,| = 11.4,/(10.0)? + (3.00)? = 119 V 
P, = Ry, = (11.4)°(3.00) = 1200 W 
Q, = 1°X,, = (11.4)°(3.00) = 390 VA reactive 
(VA), = I7|Z,| = (11.4)?\/(10.0)? + (3.00)? = 1360 VA 
P= IR, = (11.4)?(0.05) = 6.5 W 
Q,= I’X, = (11.4)?(0.20) = 26 VA reactive 
b. The first four obviously have the same values as in part (a). 


Total power = 3 P, = 3(1300) = 3900 W 

Total reactive power = 3Q, = 3(390) = 1170 VA reactive 
Total VA = 3(VA), = 3(1360) = 4080 VA 

Total power loss = 3 P, = 3(6.5) = 19.5 W 

Total reactive-power loss = 3Q, = 3(26) = 78 VA reactive 


c. The results obtained in part (b) are unaffected by this change. The voltage in parts (a) 
and (b) is now the line-to-neutral voltage. The line-to-line voltage is 


/3(119) = 206 V 


d. By Kirchhoff’s current law, the neutral current is the phasor sum of the three line currents. 
These line currents are equal and displaced in phase by 120°. Since the phasor sum of 
three equal phasors 120° apart is zero, the neutral current is zero. 

e. The neutral current being zero, the neutral conductor can be dispensed with if desired. 
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f. Since the presence or absence of the neutral conductor does not affect conditions, the 
values are the same as in part (c). 

g. A neutral conductor can be assumed, regardless of whether one is physically present. 
Since the neutral conductor in a balanced three-phase circuit carries no current and hence 
has no voltage drop across it, the neutral conductor should be considered to have zero 
impedance. Then one phase of the Y, together with the neutral conductor, can be removed 
for study. Since this phase is uprooted at the neutral, line-to-neutral voltages must be 
used. This procedure yields the single-phase equivalent circuit, in which all quantities 
correspond to those in one phase of the three-phase circuit. Conditions in the other two 
phases being the same (except for the 120° phase displacements in the currents and 
voltages), there is no need for investigating them individually. Line currents in the 
three-phase system are the same as in the single-phase circuit, and total three-phase 
power, reactive power, and voltamperes are three times the corresponding quantities in the 
single-phase circuit. If line-to-line voltages are desired, they must be obtained by 
multiplying voltages in the single-phase circuit by /3. 


EXAMPLE 3.2 


Three impedances of value Zy = 4.00 + 73.00 = 5.00236.9° Q are connected in Y, as shown 
in Fig. A.13. For balanced line-to-line voltages of 208 V, find the line current, the power factor, 
and the total power, reactive power, and voltamperes. 


@ Solution 
The rms line-to-neutral voltage V on any one phase, such as phase a, is 


2 
vy = 288 _ ny 
V3 


Hence, the line current 


Ve —s:120 
Zy  5.00236.9° 


= 24.0 2-36.9° A 


Zy = 4.00 + j3.00 
= 5.00 (36,9° 


b 


Figure A.13 Circuit for Example A.2. 
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and the power factor is equal to 
Power factor = cos@ = cos (—36.9°) = 0.80 lagging 


Thus 


P =3/°Ry = 3(24.0)7(4.00) = 6910 W 
Q = 31° Xy = 3(24.0)?(3.00) = 5180 VA reactive 
VA = 3VI = 3(120)(24.0) = 8640 VA 


Note that phases a and c (Fig. A.13) do not form a simple series circuit. Consequently, the 
current cannot be found by dividing 208 V by the sum of the phase-a and -c impedances. To 
be sure, an equation can be written for voltage between points a and c by Kirchhoff’s voltage 
law, but this must be a phasor equation taking account of the 120° phase displacement between 
the phase-a and phase-c currents. As a result, the method of thought outlined in Example A.1 
leads to the simplest solution. 


es EXAMPLE A. | 


Three impedances of value Z, = 12.00+ j9.00 = 15.00236.9° Q are connected in A, as shown 
in Fig. A.14. For balanced line-to-line voltages of 208 V, find the line current, the power factor, 
and the total power, reactive power, and voltamperes. 


# Solution 
The voltage across any one leg of the A, V, is equal to the line-to-line voltage V,_,, which is 
equal to 3 times the line-to-neutral voltage V. Consequently, 


Se 09 
V3 V3 
and the current in the A is given by the line-to-line voltage divided by the A impedance 
‘ Vv 208 
i, = = ———— = 13.87 /-36.9° A 


~ Za 15.00 236.9 
Power factor = cos 6 = cos (—36.9°) = 0.80 lagging 


208 V 

Z, = 12.00 + j9.00 
m = 15.00 /36,9° 
bo 


Figure A.14 Circuit for Example A.3. 
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From Eq. A.4 the phase current is equal to 
1 = V31, = V3(13.87) = 24.0A 
Also 
P =3P, = 31, Ry = 3(13.87)°(12.00) = 6910 W 
Q = 3Q, = 31, X, = 3(13.87)?(9.00) = 5180 VA reactive 
and 
VA = 3(VA), = 3Vii/, = 3(208)(13.87) = 8640 VA 


Note that phases ab and bc do not form a simple series circuit, nor does the path cba form 
a simple parallel combination with the direct path through the phase ca. Consequently, the 
line current cannot be found by dividing 208 V by the equivalent impedance of Z,, in parallel 
with Z,, + Z,,. Kirchhoff’s-law equations involving quantities in more than one phase can 
be written, but they must be phasor quantities taking account of the 120° phase displacement 
between phase currents and phase voltages. As a result, the method outlined above leads to the 
simplest solution. 


Comparison of the results of Examples A.2 and A.3 leads to a valuable and 
interesting conclusion. Note that the line-to-line voltage, line current, power factor, 
total power, reactive power, and voltamperes are precisely equal in the two cases; in 
other words, conditions viewed from the terminals A, B, and C are identical, and one 
cannot distinguish between the two circuits from their terminal quantities. It will also 
be seen that the impedance, resistance, and reactance per phase of the Y connection 
(Fig. A.13) are exactly one-third of the corresponding values per phase of the A 
connection (Fig. A.14). Consequently, a balanced A connection can be replaced by a 
balanced Y connection providing that the circuit constants per phase obey the relation 

] 


Zy = 324 (A.25) 


Conversely, a Y connection can be replaced by a A connection provided Eq. A.25 is 
satisfied. The concept of this Y-A equivalence stems from the general Y-A transfor- 
mation and is not the accidental result of a specific numerical case. 

Two important corollaries follow from this equivalence: (1) A general computa- 
tional scheme for balanced circuits can be based entirely on Y-connected circuits or 
entirely on A-connected circuits, whichever one prefers. Since it is frequently more 
convenient to handle a Y connection, the former scheme is usually adopted. (2) In 
the frequently occurring problems in which the connection is not specified and is not 
pertinent to the solution, either a Y or a A connection may be assumed. Again the Y 
connection is more commonly selected. In analyzing three-phase motor performance, 
for example, the actual winding connections need not be known unless the investi- 
gation is to include detailed conditions within the windings themselves. The entire 
analysis can then be based on an assumed Y connection. 


A.4 Analysis of Balanced Three-Phase Circuits; Single-Line Diagrams 


A.4 ANALYSIS OF BALANCED THREE-PHASE 
CIRCUITS; SINGLE-LINE DIAGRAMS 


By combining the principle of A-Y equivalence with the technique revealed by Exam- 
ple A.1, a simple method of reducing a balanced three-phase-circuit problem to its 
corresponding single-phase problem can be developed. All the methods of single- 
phase-circuit analysis thus become available for its solution. The end results of the 
single-phase analysis are then translated back into three-phase terms to give the final 
results. 

In carrying out this procedure, phasor diagrams need be drawn for only one 
phase of the Y connection, the diagrams for the other two phases being unnecessary 
repetition. Furthermore, circuit diagrams can be simplified by drawing only one phase. 
Examples of such single-line diagrams are given in Fig. A.15, showing two three- 
phase generators with their associated lines or cables supplying a common substation 
load. Specific connections of apparatus can be indicated if desired. Thus, Fig. A.15b 
shows that G; is Y-connected and G2 is A-connected. Impedances are given in ohms 
per phase. 

When one is dealing with power, reactive power, and voltamperes, it is some- 
times more convenient to deal with the entire three-phase circuit at once instead of 
concentrating on one phase. This possibility arises because simple expressions for 
three-phase power, reactive power, and voltamperes can be written in terms of line- 
to-line voltage and line current regardless of whether the circuit is Y- or A-connected. 
Thus, from Eqs. A.18 and A.19, three-phase power is 


P =3P, = 3VpIp cos @ (A.26) 
Since Vj_) = /3Vp, Eq. A.26 becomes 

P = V3Vi_11) cos 0 (A.27) 

Similarly, 
Q = V3Vifp sind (A.28) 

and 
VA = V3V-ilp (A.29) 
Petals DSO gle 1.4 +j1.6 0.80 + j1.0 


Load terminals or Generator terminals 
substation bus or bus 


(a) (b) 


Figure A.15 Examples of single-line diagrams. 
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It should be borne in mind, however, that the power-factor angle 9, given by Eq. A.24, 
is the angle between V, and i, and not that between Vj_; and Le 


Figure A.15 is the equivalent circuit of a load supplied from two three-phase generating stations 
over lines having the impedances per phase given on the diagram. The load requires 30 kW at 
0.80 power factor lagging. Generator G, operates at a terminal voltage of 797 V line-to-line 
and supplies 15 kW at 0.80 power factor lagging. Find the load voltage and the terminal voltage 
and power and reactive-power output of G). 


B& Solution 

Let J, P, and Q, respectively, denote line current and three-phase active and reactive power. 
The subscripts 1 and 2 denote the respective branches of the system; the subscript r denotes a 
quantity measured at the receiving end of the line. We then have 


15,000 
| ae ee peat a 
V3E,cos6; /3(797)(0.80) 


P., = P, — 31?R, = 15,000 — 3(13.6)2(1.4) = 14,220 W 
On = Q; —31?X, = 15,000 tan (cos! 0.80) — 3(13.6)2(1.6) = 10,350 VA reactive 


The factor 3 appears before /?R, and I?X;, in the last two equations because the current J; is 
the phase current. The load voltage is 


VA _ (14,220)? + (10,350)? 
V3 (current) J3( 13.6) 
= 748 V line-to-line 


Ve = 


Since the load requires 30,000 W of real power and 30,000 tan (cos~! 0.80) = 22,500 VA 
of reactive power, 


P., = 30,000 — 14,220 = 15,780 W 
and 


Qe = 22,500 — 10,350 = 12,150 VA reactive 


VA _ (15,780)? + (12, 150)? 
/3V-) /3(748) 
P, = Py + 312 Ry = 15,780 + 3(15.4)°(0.80) = 16,350 W 


Lh= 


=I154A 


QO. = On + 312X> = 12,150 + 3(15.4)2(1.0) = 12,870 VA reactive 
2 


VA _ (16,350)? + (12,870) 
Jb J/3(15.4) 


= 780 V (1-1) 


Vv, = 


A.5 Other Polyphase Systems 


A.5 OTHER POLYPHASE SYSTEMS 


Although three-phase systems are by far the most common of all polyphase systems, 
other numbers of phases are used for specialized purposes. The five-wire, four-phase 
system (Fig. A.16) is sometimes used for low-voltage distribution. It has the advantage 
that for a phase voltage of 115 V, single-phase voltages of 115 (between a, b,c, or 
d and o, Fig. A.16) and 230 V (between a and c or b and d) are available as well 
as a system of polyphase voltages. Essentially the same advantages are possessed 
by four-wire, three-phase systems having a line-to-neutral voltage of 120 V and a 
line-to-line voltage of 208 V, however. 

Four-phase systems are obtained from three-phase systems by means of special 
transformer connections. Half of the four-phase system—the part aob (Fig. A.16), 
for example—constitutes a two-phase system. In some rectifier circuits, 6-, 12-, 18-, 
and 36-phase connections are used for the conversion of alternating to direct current. 
These systems are also obtained by transformation from three-phase systems. 

When the loads and voltages are balanced, the methods of analysis for three- 
phase systems can be adapted to any of the other polyphase systems by considering 
one phase of that polyphase system. Of course, the basic voltage, current, and power 
relations must be modified to suit the particular polyphase system. 


a 


O 


od 


Figure A.16 A five-wire, 
four-phase system. 
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Voltages, Magnetic 
Fields, and Inductances 
of Distributed 

AC Windings 


in machines are determined by the winding arrangements and general ma- 

chine geometry. These configurations in turn are dictated by economic use 
of space and materials in the machine and by suitability for the intended service. In 
this appendix we supplement the introductory discussion of these considerations in 
Chapter 4 by analytical treatment of ac voltages and mmf’s in the balanced steady 
state. Attention is confined to the time-fundamental component of voltages and the 
space-fundamental component of mmf’s. 


B oth amplitude and waveform of the generated voltage and armature mmf’s 


B.1 GENERATED VOLTAGES 


In accordance with Eq. 4.50, the rms generated voltage per phase for a concentrated 
winding having Np turns per phase is 


E = V22f No»® (B.1) 


where f is the frequency and ® the fundamental flux per pole. 

A more complex and practical winding will have coil sides for each phase dis- 
tributed in several slots per pole. Equation B.] can then be used to compute the 
voltage distribution of individual coils. To determine the voltage of an entire phase 
group, the voltages of the component coils must be added as phasors. Such addition 
of fundamental-frequency voltages is the subject of this article. 


B.1 Generated Voltages 


B.1.1 Distributed Fractional-Pitch Windings 


A simple example of a distributed winding is illustrated in Fig. B.1 for a three-phase, 
two-pole machine. This case retains all the features of a more general one with any 
integral number of phases, poles, and slots per pole per phase. At the same time, a 
double-layer winding is shown. Double-layer windings usually lead to simpler end 
connections and to a machine which is more economical to manufacture and are found 
in all machines except some small motors below 10 kW. Generally, one side of a coil, 
such as a, is placed in the bottom of a slot, and the other side, —a;, is placed in the 
top of another slot. Coil sides such as a; and a3 or a2 and a4 which are in adjacent 
slots and associated with the same phase constitute a phase belt. All phase belts are 
alike when an integral number of slots per pole per phase are used, and for the normal 
machine the peripheral angle subtended by a phase belt is 60 electrical degrees for a 
three-phase machine and 90 electrical degrees for a two-phase machine. 

Individual coils in Fig. B.1 all span a full pole pitch, or 180 electrical degrees; 
accordingly, the winding is a full-pitch winding. Suppose now that all coil sides in the 
tops of the slots are shifted one slot counterclockwise, as in Fig. B.2. Any coil, such as 
a), —a), then spans only five-sixths of a pole pitch or 2(180) = 150 electrical degrees, 
and the winding is a fractional-pitch, or chorded, winding. Similar shifting by two 
slots yields a 2-pitch winding, and so forth. Phase groupings are now intermingled, for 
some slots contain coil sides in phases a and b, a and c, and b and c. Individual phase 


Figure B.1 Distributed two-pole, three-phase 
full-pitch armature winding with voltage phasor 
diagram. 
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Figure B.2 Distributed two-pole, three-phase 
fractional-pitch armature winding with voltage 
phasor diagram. 


groups, such as that formed by a), a2, a3, a4 on one side and —a,, —a2, —a3, —a4 on 
the other, are still displaced by 120 electrical degrees from the groups in other phases 
so that three-phase voltages are produced. Besides the minor feature of shortening the 
end connections, fractional-pitch windings can be shown to decrease the harmonic 
content of both voltage and mmf waves. 

The end connections between the coil sides are normally in a region of negligible 
flux density, and hence altering them does not significantly affect the mutual flux 
linkages of the winding. Allocation of coil sides in slots is then the factor determining 
the generated voltages, and only that allocation need be specified in Figs. B.1 and B.2. 
The only requisite is that all coil sides in a phase be included in the interconnection in 
such a manner that individual voltages make a positive contribution to the total. The 
practical consequence is that end connections can be made according to the dictates 
of manufacturing simplicity; the theoretical consequence is that when computational 
advantages result, the coil sides in a phase can be combined in an arbitrary fashion to 
form equivalent coils. 

One sacrifice is made in using the distributed and fractional-pitch windings of 
Figs. B.1 and B.2 compared with a concentrated full-pitch winding: for the same 
number of turns per phase, the fundamental-frequency generated voltage is lower. 
The harmonics are, in general, lowered by an appreciably greater factor, however, 
and the total number of turns which can be accommodated on a fixed iron geometry 
is increased. The effect of distributing the winding in Fig. B.1 is that the voltages of 
coils a; and a2 are not in phase with those of coils a3 and a4. Thus, the voltage of 


B.1 Generated Voltages 


coils a; and a2 can be represented by phasor OX in Fig. B.1, and that of coils a3 and 
ag by the phasor OY. The time-phase displacement between these two voltages is the 
same as the electrical angle between adjacent slots, so that OX and OY coincide with 
the centerlines of adjacent slots. The resultant phasor OZ for phase a is obviously 
smaller than the arithmetic sum of OX and OY. 

In addition, the effect of fractional pitch in Fig. B.2 is that a coil links a smaller 
portion of the total pole flux than if it were a full-pitch coil. The effect can be super- 
imposed on that of distributing the winding by regarding coil sides az and —a as an 
equivalent coil with the phasor voltage OW (Fig. B.2), coil sides a), a4, —a2, and 
—a, as two equivalent coils with the phasor voltage OX (twice the length of OW), 
and coil sides a3 and —ay as an equivalent coil with phasor voltage OY. The resultant 
phasor OZ for phase a is obviously smaller than the arithmetic sum of OW, OX, 
and OY and is also smaller than OZ in Fig. B.1. 

The combination of these two effects can be included in a winding factor ky to 
be used as a reduction factor in Eq. B.1. Thus, the generated voltage per phase is 


E = V2rky f Non® (B.2) 


where Np; is the total turns in series per phase and ky accounts for the departure 
from the concentrated full-pitch case. For a three-phase machine, Eq. B.2 yields the 
line-to-line voltage for a A-connected winding and the line-to-neutral voltage for a 
Y-connected winding. As in any balanced Y connection, the line-to-line voltage of 
the latter winding is \/3 times the line-to-neutral voltage. 


B.1.2 Breadth and Pitch Factors 


By separately considering the effects of distributing and of chording the winding, 
reduction factors can be obtained in generalized form convenient for quantitative 
analysis. The effect of distributing the winding in 7 slots per phase belt is to yield n 
voltage phasors displaced in phase by the electrical angle y between slots, y being 
equal to 180 electrical degrees divided by the number of slots per pole. Such a group 
of phasors is shown in Fig. B.3a and, in a more convenient form for addition, again 
in Fig. B.3b. Each phasor AB, BC, and CD is the chord of a circle with center at 
O and subtends the angle y at the center. The phasor sum AD subtends the angle 
ny, which, as noted previously, is 60 electrical degrees for the normal, uniformly 
distributed three-phase machine and 90 electrical degrees for the corresponding two- 
phase machine. From triangles O Aa and O Ad, respectively, 


Aa AB 


A= = B. 
sin(y/2)  2sin(y/2) ee) 
Ad AD 
A=- =. (B.4) 
sin(ny/2)  2sin(ny/2) 
Equating these two values of OA yields 
i 2, 
apsap ee (B.5) 


sin (y/2) 
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(a) 


Figure B.3 (a) Coil voltage phasors and (b) phasor sum. 


But the arithmetic sum of the phasors is n(AB). Consequently, the reduction factor 
arising from distributing the winding is 
AD sin (ny /2) 


oh aR nin G2) @°) 


The factor kp is called the breadth factor of the winding. 

The effect of chording on the coil voltage can be obtained by first determining 
the flux linkages with the fractional-pitch coil. Since there are n coils per phase and 
Npn total series turns per phase, each coil will have N = Npy/n turns per coil. From 
Fig. B.4 coil side —a is only p electrical degrees from side a instead of the full 180°. 
The flux linkages with the N-turn coil are 


2 OL 
A = NBoeaxlr (<=) if sin@ d@ (B.7) 
poles J Joa 
2 
A = N Boealr (<5) [cos (a + p) — cosa] (B.8) 
poles 


where 
! = axial length of coil side 
r = coil radius 
poles = number of poles 


With @ replaced by wr to indicate rotation at w electrical radians per second, Eq. B.8 
becomes 


2 
A= NBoealr (<5) [cos (wt + po) — cos wt] (B.9) 
poles 


B.1 Generated Voltages 


Space distribution 
of flux density 


B= Break sin 0 


N-turn coil 


2 a | 
0 a 


+p + a—>| 


Figure B.4 Fractional-pitch coil in 
sinusoidal field. 


The addition of cosine terms required in the brackets of Eq. B.9 may be performed 
by a phasor diagram as indicated in Fig. B.5, from which it follows that 


cos (wt + p) — cos wt = —2 cos (54) cos (« _ (*5*)) (B.10) 


aresult which can also be obtained directly from the terms in Eq. B.9 by the appropriate 
trigonometric transformations. 
The flux linkages are then 


4 ma— r-p 
A = —N Boeaxlr (=) cos ( 5 ) cos («x - (73}) (B.11) 


and the instantaneous voltage is 
d 


Xr 4 zm—p\, a—p 
= 7 = ON Beeaxlr (=) cos ( 5 ) sin («x -- (73) (B.12) 


The phase angle (7 — )/2 in Eq. B.12 merely indicates that the instantaneous 
voltage is no longer zero when a in Fig. B.4 is zero. The factor cos [(a7 — 9)/2] is an 


p Phasor representing cos wt 


Phasor representing 
cos (wt + p) 


Phasor representing 
difference of other two 


Figure B.5 Phasor addition for 
fractional-pitch coil. 
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amplitude-reduction factor, however, so that the rms voltage of Eq. B.1 is modified to 


E = V2mkp f Non® (B.13) 
where the pitch factor kp is 
p = Cos (74) = sin (5) (B.14) 
When both the breadth and pitch factors apply, the rms voltage is 
E = V2akpkp f Non® = V2 why f Non® (B.15) 


which is an alternate form of Eq. B.2; the winding factor ky, is seen to be the product 
of the pitch and breadth factors. 


ky = kok, (B.16) 


Calculate the breadth, pitch, and winding factors for the distributed fractional-pitch winding 
of Fig. B.2. 


Solution 
The winding of Fig. B.2 has two coils per phase belt, separated by an electrical angle of 30°. 
From Eq. B.6 the breadth factor is 


_ sin(nmy/2) _ sin[2(30°)/2] 


 eO2) Dany 


The fractional-pitch coils span 150° = 57/6 rad, and from Eq. B.14 pitch factor is 
k, = sin (5) gin 2-066 
2 12 


ky = kpkp = 0.933 


The winding factor is 


B.2 ARMATURE MMF WAVES 


Distribution of a winding in several slots per pole per phase and the use of fractional- 
pitch coils influence not only the emf generated in the winding but also the magnetic 
field produced by it. Space-fundamental components of the mmf distributions are 
examined in this article. 


B.2.1 Concentrated Full-Pitch Windings 


We have seen in Section 4.3 that a concentrated polyphase winding of Np, turns in 
a multipole machine produces a rectangular mmf wave around the air-gap circum- 
ference. With excitation by a sinusoidal current of amplitude J, the time-maximum 
amplitude of the space-fundamental component of the wave is, in accordance 


B.2 Armature MMF Waves 


with Eq. 4.6, 


4AN 
(Fag) peak = a 


(/21) A- turns/pole (B.17) 
m poles 


where the winding factor ky of Eq. 4.6 has been set equal to unity since in this case 
we are discussing the mmf wave of a concentrated winding. 

Each phase of a polyphase concentrated winding creates such a time-varying 
standing mmf wave in space. This situation forms the basis of the analysis leading to 
Eq. 4.39. For concentrated windings, Eq. 4.39 can be rewritten as 


F Gast) = s=( Nok ) van COS (ae — wt) = £ (<2 (V21) cos (Axe — ot) 


mz \ poles x \ poles 


(B.18) 


The amplitude of the resultant mmf wave in a three-phase machine in ampere- 
turns per pole is then 


6/N, 
ee (Se) (/21) A - turns/pole (B.19) 
zx \ poles 
Similarly, for a npy-phase machine, the amplitude is 
2 N 
Ro ($2 (/21) A -turns/pole (B.20) 
x \ poles 


In Eqs. B.19 and B.20, J is the rms current per phase. The equations include 
only the fundamental component of the actual distribution and apply to concentrated 
full-pitch windings with balanced excitation. 


B.2.2 Distributed Fractional-Pitch Winding 


When the coils in each phase of a winding are distributed among several slots per 
pole, the resultant space-fundamental mmf can be obtained by superposition from the 
preceding simpler considerations for a concentrated winding. The effect of distribution 
can be seen from Fig. B.6, which is a reproduction of the two-pole, three-phase, full- 
pitch winding with two slots per pole per phase given in Fig. B.1. Coils a; and a», b, 
and b2, and c; and cz by themselves constitute the equivalent of a three-phase, two- 
pole concentrated winding because they form three sets of coils excited by polyphase 
currents and mechanically displaced 120° from each other. They therefore produce 
a rotating space-fundamental mmf; the amplitude of this contribution is given by 
Eq. B.19 when Np is taken as the sum of the series turns in coils a; and a2 only. 
Similarly, coils a3 and a4, b3 and b4, and c3 and c4 produce another identical mmf 
wave, but one which is phase-displaced in space by the slot angle y from the former 
wave. The resultant space-fundamental mmf wave for the winding can be obtained 
by adding these two sinusoidal contributions. 

The mmf contribution from the a,a2b,b2cc2 coils can be represented by the pha- 
sor OX in Fig. B.6. Such phasor representation is appropriate because the waveforms 
concerned are sinusoidal, and phasor diagrams are simply convenient means for 
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Figure B.6 Distributed two-pole, three-phase, full-pitch 
armature winding with mmf phasor diagram. 


adding sine waves. These are space sinusoids, however, not time sinusoids. Pha- 
sor OX is drawn in the space position of the mmf peak for an instant of time when the 
current in phase a is a maximum. The length of OX is proportional to the number of 
turns in the associated coils. Similarly, the mmf contribution from the a3a4b3b4c3c4 
coils may be represented by the phasor OY. Accordingly, the phasor OZ represents 
the resultant mmf wave. Just as in the corresponding voltage diagram, the resultant 
mmf is seen to be smaller than if the same number of turns per phase were concentrated 
in one slot per pole. 

In like manner, mmf phasors can be drawn for fractional-pitch windings as illus- 
trated in Fig. B.7, which is areproduction of the two-pole, three-phase, fractional-pitch 
winding with two slots per pole per phase given in Fig. B.2. Phasor O W represents the 
contribution for the equivalent coils formed by conductors a2 and —ay, bz and —b,, 
and cz and —c,; OX for a,a4 and —a3 —a@2, bj b4 and —b3 —b2, and c,c4 and —c3 —c2; 
and OY for a3 and —a4, b3 and —b4, and c3 and —c4. The resultant phasor OZ is, 
of course, smaller than the algebraic sum of the individual contributions and is also 
smaller than OZ in Fig. B.6. 

By comparison with Figs. B.1 and B.2, these phasor diagrams can be seen to be 
identical with those for generated voltages. It therefore follows that pitch and breadth 
factors previously developed can be applied directly to the determination of resultant 
mmf. Thus, for a distributed, fractional-pitch, polyphase winding, the amplitude of 
the space-fundamental component of mmf can be obtained by using kpkpNpn = kwNon 
instead of simply Np» in Eqs. B.19 and B.20. These equations then become 


is (eaten) yan) = $ (SRB) van (B.21) 
x \ poles 


u poles 
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Figure B.7 Distributed two-pole, three-phase, 
fractional-pitch armature winding with mmf 
phasor diagram. 


for a three-phase machine and 


Fy = Zon ( RokoNon) (757) = 2ten (Mw Non) ar (8.22) 
X poles ma \ poles , 


for a Mpp-phase machine, where F, is in ampere-turns per pole. 


B.3 AIR-GAP INDUCTANCES 
OF DISTRIBUTED WINDINGS 


Figure B.8a shows an N-turn, full-pitch, concentrated armature winding in a two-pole 
magnetic structure with a concentric cylindrical rotor. The mmf of this configuration 
is shown in Fig. B.8b. Since the air-gap length g is much smaller than the average 
air-gap radius r, the air-gap radial magnetic field can be considered uniform and 
equal to the mmf divided by g. From Eq. 4.3 the space-fundamental mmf is given 
by 

Ni 


4 
Fagi 7 - oa COs 6, (B.23) 


and the corresponding air-gap flux density is 


Fagi 2poNi é 


& Ug 
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Figure B.8 (a) N-turn concentrated coil and (b) resultant mmf. 


Equation B.24 can be integrated to find the fundamental air-gap flux per pole 
(Eq. 4.44) 


mf{2 
®o=!/ Bagi d§ = 
—n{2 us 


dpoNi 
lean (B.25) 


where / is the axial length of the air gap. The air-gap inductance of the coil can be 
found from Eq. 1.29 


par a N® _ tuoN?lr 
he ee Ug 


(B.26) 


For a distributed multipole winding with Np, series turns and a winding factor 
kw = kpkp, the air-gap inductance can be found from Eq. B.26 by substituting for N 
the effective turns per pole pair (2k, Np, /poles) 


4uolr (2kwNph\? — 16 kwNpn \? 
| peas (“te ) ly (=) (B.27) 
Ug poles mg poles 


Finally, Fig. B.9 shows schematically two coils (labeled | and 2) with winding 
factors ky; and kw and with 2N,/poles and 2N2/poles turns per pole pair, respec- 
tively; their magnetic axes are separated by an electrical angle a (equal to poles/2 
times their spatial angular displacement). The mutual inductance between these two 
windings is given by 


Apo QkwiN 2kyw2N2 lr 
Ly. = — — cosa 
u poles poles / g 


_ 16polkwi Ni) kwaNaylr 
1 g (poles)? 


(B.28) 


Although the figure shows one winding on the rotor and the second on the stator, 
Eq. B.28 is equally valid for the case where both windings are on the same member. 
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Figure B.9 Two distributed windings 
separated by electrical angle a. 


| EXAMPLE B.2 | B.2 


The two-pole stator-winding distribution of Fig. B.2 is found on an induction motor with an 
air-gap length of 0.381 mm, an average rotor radius of 6.35 cm, and an axial length of 20.3 cm. 
Each stator coil has 15 turns, and the coil phase connections are as shown in Fig. B.10. Calculate 
the phase-a air-gap inductance L,.9 and the phase-a to phase-b mutual inductance L,y. 


@ Solution 
Note that the placement of the coils around the stator is such that the flux linkages of each of 
the two parallel paths are equal. In addition, the air-gap flux distribution is unchanged if, rather 
than dividing equally between the two legs, as actually occurs, one path were disconnected and 
all the current were to flow in the remaining path. Thus, the phase inductances can be found 
by calculating the inductances associated with only one of the parallel paths. 

This result may appear to be somewhat puzzling because the two paths are connected in 
parallel, and thus it would appear that the parallel inductance should be one-half that of the 
single-path inductance. However, the inductances share a common magnetic circuit, and their 


ay ay b, by Cy Cy 
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Figure B.10 Coil phase connections of Fig. B.2 for Example B.2. 
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combined inductance must reflect this fact. It should be pointed out, however, that the phase 
resistance is one-half that of each of the paths. 
The winding factor has been calculated in Example B.1. Thus, from Eg. B.27, 


1. = Luolr { kw Np : 
= mg poles 


_ 16(4m x 10-7) x 0.203 x 0.0635 0.933 x 30\’ 
7 (3.81 x 10-4) 2 


= 42.4 mH 


The winding axes are separated by aw = 120°, and thus from Eq. B.28 


__ 610k Npn)?Ur 


ab = cosa = —21.2 mH 
: wg (poles)? : 


APPENDIX 


The dqO Transformation 


n this appendix, the direct- and quadrature-axis (dqQ) theory introduced in Sec- 

tion 5.6 is formalized. The formal mathematical transformation from three-phase 

stator quantities to their direct- and quadrature-axis components is presented. These 
transformations are then used to express the governing equations for a synchronous 
machine in terms of the dq0 quantities. 


C.1 TRANSFORMATION TO DIRECT- AND 
QUADRATURE-AXIS VARIABLES 


In Section 5.6 the concept of resolving synchronous-machine armature quantities 
into two rotating components, one aligned with the field-winding axis, the direct- 
axis component, and one in quadrature with the field-winding axis, the quadrature- 
axis component, was introduced as a means of facilitating analysis of salient-pole 
machines. The usefulness of this concept stems from the fact that although each of 
the stator phases sees a time-varying inductance due to the saliency of the rotor, the 
transformed quantities rotate with the rotor and hence see constant magnetic paths. 
Although not discussed here, additional saliency effects are present under transient 
conditions, due to the different conducting paths in the rotor, rendering the concept 
of this transformation all the more useful. 

Similarly, this transformation is useful from the point of view of analyzing the 
interaction of the rotor and stator flux- and mmf-waves, independent of whether or 
not saliency effects are present. By transforming the stator quantities into equivalent 
quantities which rotate in synchronism with the rotor, under steady-state conditions 
these interactions become those of constant mmf- and flux-waves separated by a 
constant spatial angle. This indeed is the point of view which corresponds to that of 
an observer in the rotor reference frame. 

The idea behind the transformation is an old one, stemming from the work of 
Andre Blondel in France, and the technique is sometimes referred to as the Blondel 
two-reaction method. Much of the development in the form used here was carried out 


657 


658 


APPENDIX C_ The dq0 Transformation 


Axis of 
phase b 
Rotor k 
> 
quadrature ® a Rotor 
i A er 
axis direct 
>. ® axis 
e Ae 
~~ whe : 
Xo b a) 
Field f. \ \ \ 
winding ; \\ | 
a mn )\ | | Axis of 
YAY | = 
pf | phase a 
\ Rotation “77 ] 
\ ~\ KL) l / 
\ ( J Y/ ) 
\ pb ONS a y A», / 
\ ~— > ZA / 
\ / eer 3 . ell / 
Sy <7) a4 
SL = y 
ey 1 = 
=< Stator 
> winding 
AXIS of 


phase « 


Figure C.1  !dealized synchronous machine 


by R. E. Doherty, C. A. Nickle, R. H. Park, and their associates in the United States. 
The transformation itself, known as the dg0 transformation, can be represented in a 
straightforward fashion in terms of the electrical angle 6me (equal to poles/2 times the 
spatial angle 6,,) between the rotor direct axis and the stator phase-a axis, as defined 
by Eq. 4.1 and shown in Fig. C.1. 

Letting S represent a stator quantity to be transformed (current, voltage, or flux), 
we can write the transformation in matrix form as 


Sa 2 | cos (Ome)  COS(@me — 120°) cos (@me + 120°) Sa 

Sg | == | —Sin@me) —Sin(@me — 120°) —sin(@me + 120°) | | Sp} (C.1) 
3 1 1 1 

So 2 2 2 Se 


and the inverse transformation as 


Sa cos (Ome) —sin(@me) 1 Sa 
Sy | = | CoS (Ome — 120°) —sin(@me — 120°) 1 Sq (C.2) 
Se cos (Ome + 120°) —sin(@ne + 120°) 1 So 


Here the letter S refers to the quantity to be transformed and the subscripts 
d and q represent the direct and quadrature axes, respectively. A third component, 
the zero-sequence component, indicated by the subscript 0, is also included. This 
component is required to yield a unique transformation of the three stator-phase 
quantities; it corresponds to components of armature current which produce no net air- 
gap flux and hence no net flux linking the rotor circuits. As can be seen from Eq. C.1, 
under balanced-three-phase conditions, there are no zero-sequence components. Only 
balanced-three-phase conditions are considered in this book, and hence zero-sequence 
components are not discussed in any detail. 
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Note that the dqO transformation applies to the instantaneous values of the quan- 
tities to be transformed, not rms values. Thus when applying the formal instantaneous 
transformations as presented here, one must be careful to avoid the use of rms values, 
as are frequently used in phasor analyses such as are found in Chapter 5. 


A two-pole synchronous machine is carrying balanced three-phase armature currents 
i, = V21, cost i, = OR cos (wt — 120°) i, = J21, cos (wt + 120°) 


The rotor is rotating at synchronous speed w, and the rotor direct axis is aligned with the stator 
phase-a axis at time ¢ = 0. Find the direct- and quadrature-axis current components. 


@ Solution 
The angle between the rotor direct axis and the stator phase-a axis can be expressed as 


One = wt 


From Eq. C.1 


2 
ig = zits cos wt + i, cos (wt — 120°) + i, cos (wt + 120°)] 


II 


2 
3V2Ia[c0s" wt + cos (wt — 120°) + cos? (wt + 120°)] 


Using the trigonometric identity cos? w = 3(1 + cos 2a) gives 
iy — V21 a 


Similarly, 
. 2 . . . . ro} * s 1 
ig = — gle sin wt + i, sin (wt — 120°) + 7, sin (wt + 120°)] 


2 
= —3¥2leLeos ot sin wt + cos (wt — 120°) sin (wt — 120°) 


+ cos (wt + 120°) sin (wt + 120°)] 
and using the trigonometric identity cos@ sina = i sin 2@ gives 
i, =0 


This result corresponds directly to our physical picture of the dqO transformation. From 
the discussion of Section 4.5 we recognize that the balanced three-phase currents applied to 
this machine produce a synchronously rotating mmf wave which produces flux along the stator 
phase-a axis at time t = 0. This flux wave is thus aligned with the rotor direct axis at f = 0 
and remains so since the rotor is rotating at the same speed. Hence the stator current produces 
only direct-axis flux and thus consists only of a direct-axis component. 
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C.2 BASIC SYNCHRONOUS-MACHINE 
RELATIONS IN dqO VARIABLES 


Equations 5.2 to 5.5 give the flux-linkage current relationships for a synchronous 
machine consisting of a field winding and a three-phase stator winding. This simple 
machine is sufficient to demonstrate the basic features of the machine representation 
in dgO variables; the effects of additional rotor circuits such as damper windings can 
be introduced in a straightforward fashion. 

The flux-linkage current relationships in terms of phase variables (Eqs. 5.2 to 5.5) 
are repeated here for convenience 


Ma Lie Lt Le Ce la 
Ap Loa Lyp Lye Lor | | ib 
Ac Lea La Lee Lot Le 
Ag Lr Lr Lie Let if 


(C.3) 


Unlike the analysis of Section 5.2, this analysis will include the effects of saliency, 
which causes the stator self and mutual inductances to vary with rotor position. 

For the purposes of this analysis the idealized synchronous machine of Fig. C.1 
is assumed to satisfy two conditions: (1) the air-gap permeance has a constant com- 
ponent as well as a smaller component which varies cosinusoidally with rotor angle 
as measured from the direct axis, and (2) the effects of space harmonics in the air-gap 
flux can be ignored. Although these approximations may appear somewhat restric- 
tive, they form the basis of classical dqO machine analysis and give excellent results 
in a wide variety of applications. Essentially they involve neglecting effects which 
result in time-harmonic stator voltages and currents and are thus consistent with our 
previous assumptions neglecting harmonics produced by discrete windings. 

The various machine inductances can then be written in terms of the electrical 
rotor angle Ome (between the rotor direct axis and the stator phase-a axis), using the 
notation of Section 5.2, as follows. For the stator self-inductances 


Lua = Law + La t+ Ly cos 26 me (C.4) 
Lop = Law + La + 1) CoS (26me + 120°) (C.5) 
Loe = Lay + La + Ly COS (26me — 120°) (C.6) 


For the stator-to-stator mutual inductances 


] 
Lay = Loa = 5 Pawo ee Ly COS (24ne — 120°) (C.7) 
l 
Loe = Lob = — 5 baa + Ly COS 26 ine (C.8) 
] 
Lye = Lea = —F Law + Ly cos (26me + 120°) (C.9) 


2 
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For the field-winding self-inductance 


Le = Le (C.10) 
and for the stator-to-rotor mutual inductances 
Lat = L4q = Lat COS Ome (C.11) 
Lor = Lay = Lat COS (Ome — 120°) (C.12) 
Let = Lie = Lag COS (Ome + 120°) (C.13) 


Comparison with Section 5.2 shows that the effects of saliency appear only in the 
stator self- and mutual-inductance terms as an inductance term which varies with 20ne. 
This twice-angle variation can be understood with reference to Fig. C.1, where it can 
be seen that rotation of the rotor through 180° reproduces the original geometry of the 
magnetic circuit. Notice that the self-inductance of each stator phase is a maximum 
when the rotor direct axis is aligned with the axis of that phase and that the phase- 
phase mutual inductance is maximum when the rotor direct axis is aligned midway 
between the two phases. This is the expected result since the rotor direct axis is the 
path of lowest reluctance (maximum permeance) for air-gap flux. 

The flux-linkage expressions of Eg. C.3 become much simpler when they are 
expressed in terms of dq0 variables. This can be done by application of the trans- 
formation of Eq. C.1 to both the flux linkages and the currents of Eq. C.3. The 
manipulations are somewhat laborious and are omitted here because they are simply 
algebraic. The results are 


Ag = Lata + Lagit (C.14) 
Ag = Laiq (C.15) 
3 
At = 5 Lagia + Leis (C.16) 
ho = Loio (C.17) 
In these equations, new inductance terms appear: 
3 
Lag = Lat 3 (Lavo + Lo) (C.18) 
3 
Ly =Lat 3 (Laan oe Leo) (C.19) 
Lo = La (C.20) 


The quantities Lg and L, are the direct-axis and quadrature-axis synchronous 
inductances, respectively, corresponding directly to the direct- and quadrature-axis 
synchronous reactances discussed in Section 5.6 (i.e., Xq = WeLg and Xqg = weLg). 
The inductance Lo is the zero-sequence inductance. Notice that the transformed flux- 
linkage current relationships expressed in Eqs. C.14 to C.17 no longer contain in- 
ductances which are functions of rotor position. This feature is responsible for the 
usefulness of the dqO transformation. 


661 


662 APPENDIX C_ The dq0 Transformation 


Transformation of the voltage equations 


dha 
ve = Raia + (C.21) 
dh 
Up = Raip + re (C.22) 
= Rio + aks (C.23) 
Ve — ale dt ° 
dhs 
= Ripa C.24 
a fle + a ( ) 
results in 
dh 
vg = Reig t a — Wmedg (C.25) 
dh 
Ug = Raig + a + Wmedd (C.26) 
dhs 
Spee C.27 
UF fig + ‘7 ( ) 
dh 
Up = Reig + rs (C.28) 


(algebraic details are again omitted), where @me =dOme/dt is the rotor electrical 
angular velocity. 

In Egs. C.25 and C.26 the terms @meAg and @meAg are speed-voltage terms which 
come as a result of the fact that we have chosen to define our variables in a reference 
frame rotating at the electrical angular velocity @me. These speed voltage terms are 
directly analogous to the speed-voltage terms found in the dc machine analysis of 
Chapter 9. In a dc machine, the commutator/brush system performs the transformation 
which transforms armature (rotor) voltages to the field-winding (stator) reference 
frame. 

We now have the basic relations for analysis of our simple synchronous ma- 
chine. They consist of the flux-linkage current equations C.14 to C.17, the voltage 
equations C.25 to C.28, and the transformation equations C.1 and C.2. When the 
rotor electrical angular velocity @me is constant, the differential equations are linear 
with constant coefficients. In addition, the transformer terms dAg/dt and dA,/dt in 
Egs. C.25 and C.26 are often negligible with respect to the speed-voltage terms @meAg 
and ®meAg, providing further simplification. Omission of these terms corresponds to 
neglecting the harmonics and dc component in the transient solution for stator volt- 
ages and currents. In any case, the transformed equations are generally much easier 
to solve, both analytically and by computer simulation, than the equations expressed 
directly in terms of the phase variables. 

In using these equations and the corresponding equations in the machinery liter- 
ature, careful note should be made of the sign convention and units employed. Here 
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we have chosen the motor-reference convention for armature currents, with positive 
armature current flowing into the machine terminals. Also, SI units (volts, amperes, 
ohms, henrys, etc.) are used here; often in the literature one of several per-unit systems 
is used to provide numerical simplifications.' 

To complete the useful set of equations, expressions for power and torque are 
needed. The instantaneous power into the three-phase stator is 


Ds = Vala + Uply + Vele (C.29) 


Phase quantities can be eliminated from Eq. C.29 by using Eq. C.2 written for voltages 
and currents. The result is 


3 
Ds = 3 (vata + Vgig + 2upio) (C.30) 


The electromagnetic torque, Tinech, is readily obtained by using the techniques 
of Chapter 3 as the power output corresponding to the speed voltages divided by the 
shaft speed (in mechanical radians per second). From Eq. C.30 with the speed-voltage 
terms from Eqs. C.25 and C.26, and by recognizing @me as the rotor speed in electrical 
radians per second, we get 


Tech a 


3 / poles 
2 


) (Adig — Agia) (C31) 


A word about sign conventions. When, as is the case in the derivation of this 
appendix, the motor-reference convention for currents is chosen (i.e., the positive 
reference direction for currents is into the machine), the torque of Eq. C.31 is the torque 
acting to accelerate the rotor. Alternatively, if the generator-reference convention is 
chosen, the torque of Eq. C.31 is the torque acting to decelerate the rotor. This result 
is, in general, conformity with torque production from interacting magnetic fields 
as expressed in Eq. 4.81. In Eq. C.31 we see the superposition of the interaction of 
components: the direct-axis magnetic flux produces torque via its interaction with 
the quadrature-axis mmf and the quadrature-axis magnetic flux produces torque via 
its interaction with the direct-axis mmf. Note that, for both of these interactions, 
the flux and interacting mmf’s are 90 electrical degrees apart; hence the sine of the 
interacting angle (see Eq. 4.81) is unity which in turns leads to the simple form of 
Eq. C.31. 

As a final cautionary note, the reader is again reminded that the currents, fluxes, 
and voltages in Eqs. C.29 through Eq. C.31 are instantaneous values. Thus, the reader 
is urged to avoid the use of rms values in these and the other transformation equations 
found in this appendix. 


1 See A. W. Rankin, “Per-Unit Impedances of Synchronous Machines,” Trans. AIEE 64:569-573, 
839-841 (1945). 
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C.3 BASIC INDUCTION-MACHINE RELATIONS 
IN dqO VARIABLES 


In this derivation we will assume that the induction machine includes three-phase 
windings on both the rotor and the stator and that there are no saliency effects. In this 
case, the flux-linkage current relationships can be written as 


ha yer Lab ee LaaR LabR Lack ia 

dp Loa Lp = Le 3 Lar = Lobe ~S Lcr ip 

Ae = Lea Los dice Lear Leovr Loo ic (C 32) 
aR Laa Lard Larne LaraR Larbr Larc lar , 
Abr Lora Lord Lore Loran Lorpr Lborcr | | fbr 

AcR Leora Lerp Lere Lerar Lecror LcRcr icR 


where the subscripts (a, b, c) refer to stator quantities while the subscripts (aR, bR, 
cR) refer to rotor quantities. 

The various machine inductances can then be written in terms of the electrical 
rotor angle @me (defined in this case as between the rotor phase-aR and the stator 
phase-a axes), as follows. For the stator self-inductances 


Laa = Lop = Lee = Lad + La (C.33) 


where Lag is the air-gap component of the stator self-inductance and La is the leakage 
component. 
For the rotor self-inductances 


Larar = Lorber = Lercr = Lararo + Lari (C.34) 


where Lyraro is the air-gap component of the rotor self-inductance and L,p is the 
leakage component. 
For the stator-to-stator mutual inductances 


] 
Lab = Lyn = ae = Les = Lie = Lok = 5 baa (C.35) 


For the rotor-to-rotor mutual inductances 
LarbR = Loran = Laren = LcRar = Lorer = LcRbR = — 5 Larako (C.36) 
and for the stator-to-rotor mutual inductances 
Luar = Lara = Looe = Lord = Lor = Lere = Laak COS Ome (C.37) 
Loar = Lard = Lepr = Lore = Lack = LeRa = Laan COS (Ome — 120°) (C.38) 
Lear = Lare = Lapp = Cora = Locr = Lerr = LaaR COS (Ome + 120°) (C.39) 
The corresponding voltage equations become 


da, 
Va = Ryig + re (C.40) 
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dhy 


Up >= Raip + ah. (C.41) 
dir 

Uc = Reig + a (C.42) 
dha 

var = 0 = Reri + ae (C.43) 
dx 

ver = 0 = Rarior + ae (C.44) 
di 

ver = 0 = Raricr + ae (C.45) 


where the voltages var, Upr, and vcr are Set equal to zero because the rotor windings 
are shorted at their terminals. 

In the case of a synchronous machine in which the stator flux wave and rotor 
rotate in synchronism (at least in the steady state), the choice of reference frame for the 
dq0 transformation is relatively obvious. Specifically, the most useful transformation 
is to a reference frame fixed to the rotor. 

The choice is not so obvious in the case of an induction machine. For example, 
one might choose a reference frame fixed to the rotor and apply the transformation 
of Eqs. C.1 and C.2 directly. If this is done, because the rotor of an induction motor 
does not rotate at synchronous speed, the flux linkages seen in the rotor reference 
frame will not be constant, and hence the time derivatives in the transformed voltage 
equations will not be equal to zero. Correspondingly, the direct- and quadrature-axis 
flux linkages, currents, and voltages will be found to be time-varying, with the result 
that the transformation turns out to be of little practical value. 

An alternative choice is to choose a reference frame rotating at the synchronous 
angular velocity. In this case, both the stator and rotor quantities will have to be 
transformed. In the case of the stator quantities, the rotor angle Ome in Eqs. C.1 and 
C.2 would be replaced by 6s where 


Os = Wet + A (C.46) 


is the angle between the axis of phase a and that of the synchronously-rotating dqO 
reference frame and 6. 
The transformation equations for the stator quantities then become 


Sa 2 | cos (8s) cos(@g —120°) cos (6s + 120°) Sa 


Sg) =7 —sin(@s)  —sin(@g — 120°) —sin(@s + 120°) Sp (C.47) 
3 1 1 1 
So 3 5 3 Se 


and the inverse transformation 


Sa cos (6s) —sin(6s) 1] [Sa 
Sp | = | cos (@s — 120°) —sin(@s — 120°) 1] | S, (C.48) 
S cos (65 + 120°) —sin(@s + 120°) 1] | So 
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Similarly, in the case of the rotor, 8g would be replaced by 6g where 
Og = (We — Wme)t + 90 (C.49) 


is the angle between the axis of rotor phase aR and that of the synchronously-rotating 
dqO reference frame and (we — @me) is the electrical angular velocity of the syn- 
chronously rotating reference frame as seen from the rotor frame. 

The transformation equations for the rotor quantities then become 


Sar 4 | cos (6x)  cos(6g — 120°) cos (6x + 120°) Sar 
Sor | = = | —sin(6z) —sin(6g — 120°) —sin(6p + 120°) | | Sur 
5 3 i i 1 5 
OR 2 2 2 cR 
(C.50) 


and the inverse transformation 


SaR COs (Op) —sin(Op) 1 Sar 
Sor | = | cos (6g — 120°) —sin(6g — 120°) 11 | Sgr (C.51) 
ScR cos (6g + 120°) —sin(6g + 120°) 1 Sor 


Using this set of transformations for the rotor and stator quantities, the trans- 
formed flux-linkage current relationships become 


Ag = Lsig + Liar (C.52) 
ey een Ee (C.53) 
Ao = Lolo (C.54) 
for the stator and 
Agr = Limnia + Lriar (C.55) 
ne ea rete ree (C.56) 
Aor = Lorior (C.57) 


for the rotor 
Here we have defined a set of new inductances 


3 
Ls = 5 baa + Lai (C.58) 
3 
Ln = 5 Lasko (C.59) 
Lo = Lat (C.60) 
3 
Lr= 3 Lararo + Lari (C.61) 


Lor = Lari (C.62) 


C.3 Basic Induction-Machine Relations in dqO Variables 


The transformed stator-voltage equations are 


. ,_ dha 
vg = Raig t+ ah — Wehg (C.63) 
di 
Ug = Raig + = + Weha (C.64) 
. _ ako 
Uo = Ralo + ae (C.65) 
and those for the rotor are 
? ha 
0 = Rapiar + ae — (We = Wime)AgR (C.66) 
dx 
0 = Ragigr + FE + (We — Ome) AaR (C67) 
: dhor 
0 = Rarior + SAEs (C.68) 


Finally, using the techniques of Chapter 3, the torque can be expressed in a 
number of equivalent ways including 
3 & 


Tinec ey 
ech 2 2 


) ai _ Agia) (C.69) 


and 


3 {poles L . F 
Tech = 5 ( 5 ) Ga (Adrig — Agria) (C.70) 
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Engineering Aspects 
of Practical Electric 
Machine Performance 
and Operation 


this material forms the basis for understanding the behavior of electric machinery of 

all types. In this appendix our objective is to introduce practical issues associated 
with the engineering implementation of the machinery concepts which have been 
developed. Issues common to all electric machine types such as losses, cooling, and 
rating are discussed. 


D.1 LOSSES 


Consideration of machine losses is important for three reasons: (1) Losses determine 
the efficiency of the machine and appreciably influence its operating cost; (2) losses 
determine the heating of the machine and hence the rating or power output that can be 
obtained without undue deterioration of the insulation; and (3) the voltage drops or 
current components associated with supplying the losses must be properly accounted 
for ina machine representation. Machine efficiency, like that of transformers or any 
energy-transforming device, is given by 


| n this book the basic essential features of electric machinery have been discussed; 


output 


Efficiency = -— (D.1) 
Input 
which can also be expressed as 
input — losses losses 
Bfficiency = neu osses OSSe8 (D.2) 
input input 
tput 
pad —— (D.3) 


output + losses 


D.1 Losses 


Rotating machines in general operate efficiently except at light loads. For example, 
the full-load efficiency of average motors ranges from 80 to 90 percent for motors on 
the order of 1 to 10 kW, 90 to 95 percent for motors up to a few hundred kW, and up 
to a few percent higher for larger motors. 

The forms given by Eqs. D.2 and D.3 are often used for electric machines, since 
their efficiency is most commonly determined by measurement of losses instead of 
by directly measuring the input and output under load. Efficiencies determined from 
loss measurements can be used in comparing competing machines if exactly the same 
methods of measurement and computation are used in each case. For this reason, 
the various losses and the conditions for their measurement are precisely defined 
by the American National Standards Institute (ANSI), the Institute of Electrical and 
Electronics Engineers (IEEE), and the National Electrical Manufacturers Associa- 
tion (NEMA). The following discussion summarizes some of the various commonly 
considered loss mechanisms. 


Ohmic Losses Ohmic, or I” R losses, are found in all windings of a machine. By 
convention, these losses are computed on the basis of the dc resistances of the winding 
at 75°C. Actually the J? R loss depends on the effective resistance of the winding under 
the operating frequency and flux conditions. The increment in loss represented by the 
difference between dc and effective resistances is included with stray load losses, 
discussed below. In the field windings of synchronous and dc machines, only the 
losses in the field winding are charged against the machine; the losses in external 
sources supplying the excitation are charged against the plant of which the machine 
is a part. Closely associated with I*R loss is the brush-contact loss at slip rings 
and commutators. By convention, this loss is normally neglected for induction and 
synchronous machines. For industrial-type dc machines the voltage drop at the brushes 
is regarded as constant at 2 V total when carbon and graphite brushes with shunts 
(pigtails) are used. 


Mechanical Losses Mechanical losses consist of brush and bearing friction, wind- 
age, and the power required to circulate air through the machine and ventilating 
system, if one is provided, whether by self-contained or external fans (except for the 
power required to force air through long or restricted ducts external to the machine). 
Friction and windage losses can be measured by determining the input to the machine 
running at the proper speed but unloaded and unexcited. Frequently they are lumped 
with core loss and determined at the same time. 


Open-Circuit, or No-Load, Core Loss Open-circuit core loss consists of the hys- 
teresis and eddy-current losses arising from changing flux densities in the iron of 
the machine with only the main exciting winding energized. In dc and synchronous 
machines, these losses are confined largely to the armature iron, although the flux 
variations arising from slot openings will cause losses in the field iron as well, par- 
ticularly in the pole shoes or surfaces of the field iron. In induction machines the 
losses are confined largely to the stator iron. Open-circuit core loss can be found by 
measuring the input to the machine when it is operating unloaded at rated speed or 
frequency and under the appropriate flux or voltage conditions, and then deducting 
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the friction and windage loss and, if the machine is self-driven during the test, the 
no-load armature I? R loss (no-load stator 7 R loss for an induction motor). Usually, 
data are taken for a curve of core loss as a function of armature voltage in the neigh- 
borhood of rated voltage. The core loss under load is then considered to be the value 
at a voltage equal to rated voltage corrected for the armature resistance drop under 
load (a phasor correction for an ac machine). For induction motors, however, this 
correction is dispensed with, and the core loss at rated voltage is used. For efficiency 
determination alone, there is no need to segregate open-circuit core loss and friction 
and windage loss; the sum of these two losses is termed the no-load rotational loss. 

Eddy-current loss varies with the square of the flux density, the frequency, and 
the thickness of laminations. Under normal machine conditions it can be expressed 
to a sufficiently close approximation as 


Ps =-KBinay f 6)" (D.4) 


where 
6 = lamination thickness 
Bmax == Maximum flux density 
f = frequency 
K, = proportionality constant 


The value of K,. depends on the units used, volume of iron, and resistivity of the iron. 
Variation of hysteresis loss can be expressed in equation form only on an empirical 
basis. The most commonly used relation is 


Py = Kn f Bh (D.5) 


max 


where K}, is a proportionality constant dependent on the characteristics and volume 
of iron and the units used and the exponent n ranges from 1.5 to 2.5, a value of 2.0 
often being used for estimating purposes in machines. In both Eqs. D.4 and D.5, 
frequency can be replaced by speed and flux density by the appropriate voltage, with 
the proportionality constants changed accordingly. 

When the machine is loaded, the space distribution of flux density is significantly 
changed by the mmf of the load currents. The actual core losses may increase notice- 
ably. For example, mmf harmonics cause appreciable losses in the iron near the air-gap 
surfaces. The total increment in core loss is classified as part of the stray load loss. 


Stray Load Loss Stray load loss consists of the losses arising from nonuniform 
current distribution in the copper and the additional core losses produced in the iron 
by distortion of the magnetic flux by the load current. It is a difficult loss to determine 
accurately. By convention it is taken as 1.0 percent of the output for dc machines. For 
synchronous and induction machines it can be found by test. 


D.2 RATING AND HEATING 


The rating of electrical devices such as machines and transformers is often deter- 
mined by mechanical and thermal considerations. For example, the maximum wind- 
ing current is typically determined by the maximum operating temperature which 


D.2 Rating and Heating 


the insulation can withstand without damage or excessive loss of life. Similarly the 
maximum speed of a motor or generator is typically determined by mechanical con- 
siderations related to the structural integrity of the rotor or the performance of the 
bearings. The temperature rise resulting from the losses considered in Section D.1 is 
therefore a major factor in the rating of a machine. 

The operating temperature of a machine is closely associated with its life ex- 
pectancy because deterioration of the insulation is a function of both time and tem- 
perature. Such deterioration is a chemical phenomenon involving slow oxidation and 
brittle hardening and leading to loss of mechanical durability and dielectric strength. 
In many cases the deterioration rate is such that the life of the insulation can be 
represented as an exponential 


Life = Ae®/T (D.6) 


where A and B are constants and T is the absolute temperature. Thus, according to 
Eq. D.6, when life is plotted to a logarithmic scale against the reciprocal of absolute 
temperature on a uniform scale, a straight line should result. Such plots form valuable 
guides in the thermal evaluation of insulating materials and systems. A very rough 
idea of the life-temperature relation can be obtained from the old and more or less 
obsolete rule of thumb that the time to failure of organic insulation is halved for each 
8 to 10°C rise. 

The evaluation of insulating materials and insulation systems (which may in- 
clude widely different materials and techniques in combination) is to a large extent 
a functional one based on accelerated life tests. Both normal life expectancy and 
service conditions will vary widely for different classes of electric equipment. Life 
expectancy, for example, may be a matter of minutes in some military and missile 
applications, may be 500 to 1000 h in certain aircraft and electronic equipment, and 
may range from 10 to 30 years or more in large industrial equipment. The test pro- 
cedures will accordingly vary with the type of equipment. Accelerated life tests on 
models, called motorettes, are commonly used in insulation evaluation. Such tests, 
however, cannot be easily applied to all equipment, especially the insulation systems 
of large machines. 

Insulation life tests generally attempt to simulate service conditions. They usually 
include the following elements: 


@ Thermal shock resulting from heating to the test temperature. 

Sustained heating at that temperature. 

Thermal shock resulting from cooling to room temperature or below. 
Vibration and mechanical stress such as may be encountered in actual service. 
Exposure to moisture. 


Dielectric testing to determine the condition of the insulation. 


Enough samples must be tested to permit statistical methods to be applied in analyzing 
the results. The life-temperature relations obtained from these tests lead to the clas- 
sification of the insulation or insulating system in the appropriate temperature class. 

For the allowable temperature limits of insulating systems used commercially, the 
latest standards of ANSI, IEEE, and NEMA should be consulted. The three NEMA 
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insulation-system classes of chief interest for industrial machines are class B, class F, 
and class H. Class B insulation includes mica, glass fiber, asbestos, and similar ma- 
terials with suitable bonding substances. Class F insulation also includes mica, glass 
fiber, and synthetic substances similar to those in class B, but the system must be capa- 
ble of withstanding higher temperatures. Class H insulation, intended for still higher 
temperatures, may consist of materials such as silicone elastomer and combinations 
including mica, glass fiber, asbestos, and so on, with bonding substances such as 
appropriate silicone resins. Experience and tests showing the material or system to be 
capable of operation at the recommended temperature form the important classifying 
criteria. 

When the temperature class of the insulation is established, the permissible 
observable temperature rises for the various parts of industrial-type machines can 
be found by consulting the appropriate standards. Reasonably detailed distinctions 
are made with respect to type of machine, method of temperature measurement, 
machine part involved, whether the machine is enclosed, and the type of cool- 
ing (air-cooled, fan-cooled, hydrogen-cooled, etc.). Distinctions are also made be- 
tween general-purpose machines and definite- or special-purpose machines. The term 
general-purpose motor refers to one of standard rating “up to 200 hp with standard 
operating characteristics and mechanical construction for use under usual service 
conditions without restriction to a particular application or type of application.” In 
contrast a special-purpose motor is “designed with either operating characteristics or 
mechanical construction, or both, for a particular application.” For the same class of 
insulation, the permissible rise of temperature is lower for a general-purpose motor 
than for a special-purpose motor, largely to allow a greater factor of safety where 
service conditions are unknown. Partially compensating the lower rise, however, is 
the fact that general-purpose motors are allowed a service factor of 1.15 when op- 
erated at rated voltage; the service factor is a multiplier which, applied to the rated 
output, indicates a permissible loading which may be carried continuously under the 
conditions specified for that service factor. 

Examples of allowable temperature rises can be seen from Table D.1. The table 
applies to integral-horsepower induction motors, is based on 40°C ambient temper- 
ature, and assumes measurement of temperature rise by determining the increase of 
winding resistances. 

The most common machine rating is the continuous rating defining the output 
(in kilowatts for de generators, kilovoltamperes at a specified power factor for ac 
generators, and horsepower or kilowatts for motors) which can be carried indefinitely 


Table D.1 Allowable temperature rise, ect. 


Motor type Class B Class F Class H 
"1.15 service factor 90 115 

1.00 service factor, encapsulated windings 85 110 

Totally enclosed, fan-cooled 80 105 125 

Totally enclosed, nonventilated 85 110 135 


‘Excerpted from NEMA standards. 


D.2 Rating and Heating 


without exceeding established limitations. For intermittent, periodic, or varying duty, 
a machine may be given a short-time rating defining the load which can be car- 
ried for a specific time. Standard periods for short-time ratings are 5, 15, 30, and 
60 minutes. Speeds, voltages, and frequencies are also specified in machine ratings, 
and provision is made for possible variations in voltage and frequency. Motors, for 
example, must operate successfully at voltages 10 percent above and below rated 
voltage and, for ac motors, at frequencies 5 percent above and below rated frequency; 
the combined variation of voltage and frequency may not exceed 10 percent. Other 
performance conditions are so established that reasonable short-time overloads can 
be carried. Thus, the user of a motor can expect to be able to apply for a short time 
an overload of, say, 25 percent at 90 percent of normal voltage with an ample margin 
of safety. 

The converse problem to the rating of machinery, that of choosing the size of 
machine for a particular application, is a relatively simple one when the load require- 
ments remain substantially constant. For many motor applications, however, the load 
requirements vary more or less cyclically and over a wide range. The duty cycle of 
a typical crane or hoist motor offers a good example. From the thermal viewpoint, 
the average heating of the motor must be found by detailed study of the motor losses 
during the various parts of the cycle. Account must be taken of changes in ventilation 
with motor speed for open and semiclosed motors. Judicious selection is based on a 
large amount of experimental data and considerable experience with the motors in- 
volved. For estimating the required size of motors operating at substantially constant 
speeds, it is sometimes assumed that the heating of the insulation varies as the square 
of the load, an assumption which obviously overemphasizes the role of armature 
I*R loss at the expense of the core loss. The rms ordinate of the power-time curve 
representing the duty cycle is obtained by the same technique used to find the rms 
value of periodically varying currents, and a motor rating is chosen on the basis of 
the result; i.e., 


rms kW = i Soe NS a (D.7) 
running time + (standstill time/k) 

where the constant k accounts for the poorer ventilation at standstill and equals 

approximately 4 for an open motor. The time for a complete cycle must be short 

compared with the time for the motor to reach a steady temperature. 

Although crude, the rms-kW method is used fairly often. The necessity for 
rounding the result to a commercially available motor size! obviates the need for 
precise computations. Special consideration must be given to motors that are fre- 
quently started or reversed, for such operations are thermally equivalent to heavy 
overloads. Consideration must also be given to duty cycles having such high torque 


! Commercially available motors are generally found in standard sizes as defined by NEMA. NEMA 
Standards on Motors and Generators specify motor rating as well as the type and dimensions of the 
motor frame. 
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peaks that motors with continuous ratings chosen on purely thermal bases would be 
unable to furnish the torques required. It is to such duty cycles that special-purpose 
motors with short-time ratings are often applied. Short-time-rated motors in general 
have better torque-producing capability than motors rated to produce the same power 
output continuously, although, of course, they have a lower thermal capacity. Both 
these properties follow from the fact that a short-time-rated motor is designed for 
high flux densities in the iron and high current densities in the copper. In general, the 
ratio of torque capacity to thermal capacity increases as the period of the short-time 
rating decreases. Higher temperature rises are allowed in short-time-rated motors than 
for general-purpose motors. A motor with a 150-kW, 1-hr, 50°C rating, for example, 
may have the torque ability of a 200-kW continuously rated motor; it will be able 
to carry only about 0.8 times its rated output, or 120 kW continuously, however. In 
many cases it will be the economical solution for a drive requiring a continuous ther- 
mal capacity of 120 kW but having torque peaks which require the capability of a 
200-kW continuously rated motor. 


D.3 COOLING MEANS FOR ELECTRIC 
MACHINES 


The cooling problem in electric apparatus in general increases in difficulty with in- 
creasing size. The surface area from which the heat must be carried away increases 
roughly as the square of the dimensions, whereas the heat developed by the losses 
is roughly proportional to the volume and therefore increases approximately as the 
cube of the dimensions. This problem is a particularly serious one in large turbine 
generators, where economy, mechanical requirements, shipping, and erection all de- 
mand compactness, especially for the rotor forging. Even in moderate size machines, 
for example, above a few thousand kVA for generators, a closed ventilating system 
is commonly used. Rather elaborate systems of cooling ducts must be provided to 
ensure that the cooling medium will effectively remove the heat arising from the 
losses. 

For turbine generators, hydrogen is commonly used as the cooling medium in 
the totally enclosed ventilating system. Hydrogen has the following properties which 
make it well suited to the purpose: 


™ Its density is only about 0.07 times that of air at the same temperature and 
pressure, and therefore windage and ventilating losses are much less. 


™ Its specific heat on an equal-weight basis is about 14.5 times that of air. This 
means that, for the same temperature and pressure, hydrogen and air are about 
equally effective in their heat-storing capacity per unit volume, but the heat 
transfer by forced convection between the hot parts of the machine and the 
cooling gas is considerably greater with hydrogen than with air. 


@ The life of the insulation is increased and maintenance expenses decreased 
because of the absence of dirt, moisture, and oxygen. 


D.3 Cooling Means for Electric Machines 


BThe fire hazard is minimized. A hydrogen-air mixture will not explode if the 
hydrogen content is above about 70 percent. 


The result of the first two properties is that for the same operating conditions the heat 
which must be dissipated is reduced and at the same time the ease with which it can 
be carried off is increased. 

The machine and its water-cooled heat exchanger for cooling the hydrogen must 
be sealed in a gas-tight envelope. The crux of the problem is in sealing the bearings. 
The system is maintained ata slight pressure (at least 0.5 psi) above atmospheric so that 
gas leakage is outward and an explosive mixture cannot accumulate in the machine. 
At this pressure, the rating of the machine can be increased by about 30 percent above 
its aircooled rating, and the full-load efficiency increased by about 0.5 percent. The 
trend is toward the use of higher pressures (15 to 60 psi). Increasing the hydrogen 
pressure from 0.5 to 15 psi increases the output for the same temperature rise by about 
15 percent; a further increase to 30 psi provides about an additional 10 percent. 

An important step which has made it possible almost to double the output of 
a hydrogen-cooled turbine-generator of given physical size is the development of 
conductor cooling, also called inner cooling. Here the coolant (liquid or gas) is forced 
through hollow ducts inside the conductor or conductor strands. Examples of such 
conductors can be seen in Fig. D.1. Thus, the thermal barrier presented by the electric 
insulation is largely circumvented, and the conductor losses can be absorbed directly 
by the coolant. Hydrogen is usually the cooling medium for the rotor conductors. 
Either gas or liquid cooling may be used for the stator conductors. Hydrogen is the 
coolant in the former case, and transit oil or water is commonly used in the latter. A 
sectional view of a conductor-cooled turbine generator is given in Fig. D.2. A large 
hydroelectric generator in which both stator and rotor are water-cooled is shown in 
Figs. 4.1 and 4.9. 


(a) (b) (c) 


Figure D.1 Cross sections of bars for two-layer stator windings of turbine-generators. 
Insulation system consists of synthetic resin with vacuum impregnation. (a) Indirectly 
cooled bar with tubular strands; (b) water-cooled bars, two-wire-wide mixed strands, 
(c) water-cooled bars, four-wire-wide mixed strands. (Brown Boveri Corporation.) 
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Figure D.2 Cutaway view of a two-pole 3600 r/min turbine 
rated at 500 MVA, 0.90 power factor, 22 kV, 60 Hz, 45 psig He 
pressure. Stator winding is water-cooled; rotor winding is 
hydrogen-cooled. (General Electric Company.) 


D.4 EXCITATION 


The resultant flux in the magnetic circuit of a machine is established by the combined 
mmf of all the windings on the machine. For the conventional dc machine, the bulk 
of the effective mmf is furnished by the field windings. For the transformer, the 
net excitation may be furnished by either the primary or the secondary winding, 
or a portion may be furnished by each. A similar situation exists in ac machines. 
Furnishing excitation to ac machines has two different operational aspects which are 
of economic importance in the application of the machines. 


D.4.1 Power Factor in AC Machines 


The power factor at which ac machines operate is an economically important feature 
because of the cost of reactive kilovoltamperes. Low power factor adversely affects 
system operation in three principal ways. (1) Generators, transformers, and transmis- 
sion equipment are rated in terms of kVA rather than kW because their losses and 
heating are very nearly determined by voltage and current regardless of power factor. 
The physical size and cost of ac apparatus are roughly proportional to kVA rating. The 
investment in generators, transformers, and transmission equipment for supplying a 
given useful amount of active power therefore is roughly inversely proportional to 
the power factor. (2) Low power factor means more current and greater / 2R losses in 
the generating and transmitting equipment. (3) A further disadvantage is poor voltage 
regulation. 

Factors influencing reactive-k VA requirements in motors can be visualized read- 
ily in terms of the relationship of these requirements to the establishment of magnetic 
flux. As in any electromagnetic device, the resultant flux necessary for motor operation 
must be established by a magnetizing component of current. It makes no difference 
either in the magnetic circuit or in the fundamental energy conversion process whether 


D.4 = Excitation 


this magnetizing current be carried by the rotor or stator winding, just as it makes 
no basic difference in a transformer which winding carries the exciting current. In 
some cases, part of it is supplied from each winding. If all or part of the magnetizing 
current is supplied by an ac winding, the input to that winding must include lagging 
reactive kVA, because magnetizing current lags voltage drop by 90°. In effect, the 
lagging reactive kVA set up flux in the motor. 

The only possible source of excitation in an induction motor is the stator input. The 
induction motor therefore must operate at a lagging power factor. This power factor is 
very low at no load and increases to about 85 to 90 percent at full load, the improvement 
being caused by the increased real-power requirements with increasing load. 

With a synchronous motor, there are two possible sources of excitation: alternat- 
ing current in the armature or direct current in the field winding. If the field current 
is just sufficient to supply the necessary mmf, no magnetizing-current component 
or reactive kVA are needed in the armature and the motor operates at unity power 
factor. If the field current is less, i.e., the motor is underexcited, the deficit in mmf 
must be made up by the armature and the motor operates at a lagging power factor. 
If the field current is greater, i.e., the motor is overexcited, the excess mmf must be 
counterbalanced in the armature and a leading component of current is present; the 
motor then operates at a leading power factor. 

Because magnetizing current must be supplied to inductive loads such as trans- 
formers and induction motors, the ability of overexcited synchronous motors to supply 
lagging current is a highly desirable feature which may have considerable economic 
importance. In effect, overexcited synchronous motors act as generators of lagging 
reactive kilovoltamperes and thereby relieve the power source of the necessity for 
supplying this component. They thus may perform the same function as a local ca- 
pacitor installation. Sometimes unloaded synchronous machines are installed in power 
systems solely for power-factor correction or for control of reactive-k VA flow. Such 
machines, called synchronous condensers, may be more economical in the larger sizes 
than static capacitors. 

Both synchronous and induction machines may become self-excited when a suf- 
ficiently heavy capacitive load is present in their stator circuits. The capacitive current 
then furnishes the excitation and may cause serious overvoltage or excessive transient 
torques. Because of the inherent capacitance of transmission lines, the problem may 
arise when synchronous generators are energizing long unloaded or lightly loaded 
lines. The use of shunt reactors at the sending end of the line to compensate the ca- 
pacitive current is sometimes necessary. For induction motors, it is normal practice 
to avoid self-excitation by limiting the size of any parallel capacitor when the motor 
and capacitor are switched as a unit. 


D.4.2 Turbine-Generator Excitation Systems 


As the available ratings of turbine-generators have increased, the problems of sup- 
plying the dc field excitation (amounting to 4000 A or more in the larger units) have 
grown progressively more difficult. A common excitation source is a shaft-driven 
de generator whose output is supplied to the alternator field through brushes and 
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slip rings. Alternatively, excitation may be supplied from a shaft-driven alternator 
of conventional design as the main exciter. This alternator has a stationary armature 
and a rotating-field winding. Its frequency may be 180 or 240 Hz. Its output is fed 
to a stationary solid-state rectifier, which in turn supplies the turbine-generator field 
through slip rings. 

Cooling and maintenance problems are inevitably associated with slip rings, 
commutators, and brushes. Many modern excitation systems have minimized these 
problems by minimizing the use of sliding contacts and brushes. As a result, some 
excitation systems employ shaft-driven ac alternators whose field windings are sta- 
tionary and whose ac windings rotate. By the use of rotating rectifiers, dc excitation 
can be applied directly to the generator field winding without the use of slip rings. 

Excitation systems of the latest design are being built without any sort of rotating 
exciter-alternator. In these systems, the excitation power is obtained from a special 
auxiliary transformer fed from the local power system. Alternatively it may be ob- 
tained directly from the main generator terminals; in one system a special armature 
winding is included in the main generator to supply the excitation power. In each of 
these systems the power is rectified using phase-controlled silicon controlled recti- 
fiers (SCRs). These types of excitation system, which have been made possible by 
the development of reliable, high-power SCRs, are relatively simple in design and 
provide the fast response characteristics required in many modern applications. 


D.5 ENERGY EFFICIENCY OF ELECTRIC 
MACHINERY 


With increasing concern for both the supply and cost of energy comes a corresponding 
concern for efficiency in its use. Although electric energy can be converted to me- 
chanical energy with great efficiency, achieving maximum efficiency requires both 
careful design of the electric machinery and proper matching of machine and intended 
application. 

Clearly, one means to maximize the efficiency of an electric machine is to min- 
imize its internal losses, such as those described in Section D.1. For example, the 
winding /*R losses can be reduced by increasing the slot area so that more copper 
can be used, thus increasing the cross-sectional area of the windings and reducing the 
resistance. 

Core loss can be reduced by decreasing the magnetic flux density in the iron of 
the machine. This can be done by increasing the volume of iron, but although the loss 
goes down in terms of watts per pound, the total volume of material (and hence the 
mass) is increased; depending on how the machine design is changed, there may be 
a point beyond which the losses actually begin to increase. Similarly, for a given flux 
density, eddy-current losses can be reduced by using thinner iron laminations. 

One can see that there are trade-offs involved here; machines of more efficient 
design generally require more material and thus are bigger and more costly. Users 
will generally choose the “lowest-cost” solution to a particular requirement; if the 
increased capital cost of a high-efficiency motor can be expected to be offset by 
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energy savings over the expected lifetime of the machine, they will probably select 
the high-efficiency machine. If not, users are very unlikely to select this option in 
spite of the increased efficiency. 

Similarly, some types of electric machines are inherently more efficient than 
others. For example, single-phase capacitor-start induction motors (Section 9.2) are 
relatively inexpensive and highly reliable, finding use in all sorts of small appliances, 
e.g., refrigerators, air conditioners, and fans. Yet they are inherently less efficient than 
their three-phase counterparts. Modifications such as a capacitor-run feature can lead 
to greater efficiency in the single-phase induction motor, but they are expensive and 
often not economically justifiable. 

To optimize the efficiency of use of electric machinery the machine must be 
properly matched to the application, both in terms of size and performance. Since 
typical induction motors tend to draw nearly constant reactive power, independent 
of load, and since this causes resistive losses in the supply lines, it is wise to pick 
the smallest-rating induction motor which can properly satisfy the requirements of a 
specific application. Alternatively, capacitative power-factor correction may be used. 
Proper application of modern solid-state control technology can also play an important 
role in optimizing both performance and efficiency. 

There are, of course, practical limitations which affect the selection of the motor 
for any particular application. Chief among them is that motors are generally avail- 
able only in certain standard sizes. For example, a typical manufacturer might make 
fractional-horsepower ac motors rated at i, i, i 7 5, 3, and 1 hp (NEMA standard 
ratings). This discrete selection thus limits the ability to fine-tune a particular appli- 
cation; if the need is 0.8 hp, the user will undoubtedly end up buying a 1-hp device 
and settling for a somewhat lower than optimum efficiency. A custom-designed and 
manufactured 0.8-hp motor can be economically justified only if it is needed in large 
quantities. 

It should be pointed out that an extremely common source of inefficiency in 
electric motor applications is the mismatch of the motor to its application. Even the 
most efficient 50-kW motors will be somewhat inefficient when driving a 20-kW load. 
Yet mismatches of this type often occur in practice, due in great extent to the difficulty 
in characterizing operating loads and a tendency on the part of application engineers 
to be conservative to make sure that the system in question is guaranteed to operate 
in the face of design uncertainties. More careful attention to this issue can go a long 
way toward increasing the efficiency of energy use in electric machine applications. 
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APPENDIX _ 


Table of Constants and 
Conversion Factors 
for SI Units 


Constants 


Permeability of free space jo = 40 x 10-7 H/m 
Permittivity of free space € 9 = 8.854 x 107!* F/m 


Conversion Factors 


Length 1 m = 3.281 ft = 39.37 in 

Mass 1 kg = 0.0685 slug = 2.205 Ib (mass) = 35.27 oz 

Force 1 N = 0.225 lbf = 7.23 poundals 

Torque | N-m = 0.738 Ibf-ft = 141.6 oz-in 

Pressure 1 Pa (N/m*) = 1.45 x 1074 Ibf/in? = 9.86 x 10-6 atm 
Energy 1 J (W-sec) = 9.48 x 10-4 BTU = 0.239 calories 
Power 1 W = 1.341 x1073 hp = 3.412 BTU/hr 

Moment of intertia 1 kg-m* = 0.738 slug-ft? = 23.7 Ib-ft? = 141.6 oz-in-sec? 
Magnetic flux 1 Wb = 108 lines (maxwells) 


Magnetic flux density 1 T (Wb/m?) = 10,000 gauss = 64.5 kilolines/in? 
Magnetizing force 1 A-turn/m = 0.0254 A-turn/in = 0.0126 oersted 
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A 
ac excitation,]23—-30 


ac machines 
armature windings, 
distributed ac windings, 
generated voltage, 
induction machines. See Induction 
machines 


mmf wave, |189—192] 201—208 


permanent-magnet ac motors, 


power factor, 
rotating mmf waves, 
synchronous machines. See 
Synchronous machines 
AFNL (Amperes field no load), 262] 
AFSC (Amperes field short 
circuit), 262] 
Air gap, [5] 
nonuniform, a 
uniform, 
Air-gap fringing fields,[8] 
Air-gap inductances of distributed 


windings, 653-656 
Air-gap line,|23 1 


Air-gap space-harmonic fluxes, 

Air-gap voltage, 

Allowable temperature rises, 672] 

Alnico[5} [8] B3, 

Alnico materials, B@ 

American National Standards Institute 
(ANSI, |669 

Amortisseur ee 

Ampere turns, 

Amperes field no load APN Goa 

Amperes field short circuit (AFSC), 

Amperes per meter, [4] 

Amperes per square meter, 

Analytical techniques, 

Anode, 

ANSI, 

Apparent coercivity, 4J 

Approximate transformer equivalent 
circuits, 


Armature mmf waves, 650-65 


Armature phase-to-phase mutual 
inductances, 

Armature winding, 

Armature-circuit resistance aa 65 

Armature-frequency control, |596-602) 

Armature-terminal voltage control, 
566-570 

Armature-winding heating, [274 


Auxiliary winding, 
Axes of easy magnetization, 


Balanced three-phase system, 
641-642 


Base values,|95| 
B-H curve, 
Bifilar phase windings, 
Bifilar winding, 
Blocked-rotor ae 
Blondel, Andre, 657 
Blondel two-reaction method, 
Book 
overview, 
website, kiii 
Breadth factor, 
Breakdown torque, B10) 
Brush-contact loss, 669] 
Brushes, 
Brushless de motors, [295] 
Brushless excitation system, 
Brushless motors, 


Burden [90] 


c 
Cantilever circuits,[73] 
Cantilever equivalent circuit,[7] 
Capability curves,|276-277 


Capacitative power-factor 
correction, 
Capacitor-start capacitor-run 
motor, 
Capacitor-start motor|457-459| 
Capacitor-type motors, 
Castleation,|420—42]], 


canoce teal 
Ceramic|7| 7) 
Ceramic rbd bse 

Ceramic permanent magnet materials, 


Charge density, 

Class A design, 

Class B design, 
672| 


Class B insulation, 


Class H insulation, 
Coenergy, 
Coercivity, 
Coil voltage phasors, [648] 
Collector, 
Collector rings, 
Commutating inductance, 
Commutating poles, 
Commutation BI 
Commutation interval, 
Commutation notches [52] 
Commutator/commutation, 
1364-3671, |390-393 
Compensating windings, 
Compound motor, B64 
Compounding curve, 
Computer programs. See MATLAB 
Concentrated full-pitch windings, 
[650-651] 
Concentrated windings, 
Conduction angle, 
Conductor cooling, 
Conservation of energy, 
Conservative system, 
Constant-power drive, 
Constant-power regime, 580) 
Constant-torque drive, 
Constant-torque regime, 680) 
Constant-volts-per-hertz, B8q 
Continuous energy conversion 
equipment, 
Continuous rating, |672} 


de motors,]559-578 
induction motors, 595-612 
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Control—Cont. 


scope of chapter, = 

synchronous motors,|578—595 | 

VMs 
Conversion factors (SI units), 
Conversion of ac to de. See Rectification 
Conversion of dc to ac. See Inversion 
Cooling, 
Core flux, 
Core loss 637280} 
Core-loss component, 
Core-loss resistance [71] B14] 
Core-type transformers,[58] 
Coulombs per cubic meter,|113 
Coupled-circuit viewpoint, 215-22] 
Critical field resistance, B80] 
Cross-magnetizing armature 

reaction, [368 

CTs, [S01[93=95) 
Current density 21173] 
Current transformer, 
Current transformers (CTs) [90][93—95] 
Current-source inverter, 539] 


Cutting-of-flux equation, 210|[21]] 


D 
Damper winding, [296[297] 683] 
dc bus voltage, [538] 
de link current, 538] 
dc machines, [[85—187][B57—404 
armature mmf,[B67—370 


armature reaction, 
armature winding, [73] 
commutator/commutation, [[84, 
[364-367] B90-393}] 
compensating windings, B93—395] 
compound motor, B64] 
electrical-circuit aspects, 370-373 
field-circuit connections, B6]] 
generated voltage, 
generator analysis, 
magnetic-circuit aspects, [574-378] 
mmf wave, [192-197] 
motor analysis,[382—384] 
permanent-magnet, |384—390 
schematic connection diagram, 
schematic representation, 
series motors, B64) 
series universal motors, 
shunt/separately-excited motors, 
speed control, 
speed-torque characteristics, B63] 


steady-state performance, |379-384 
torque control,|574—578 


volt-ampere characteristics, Bel 

dc magnetization curve, 

Deep-bar rotors, 

Definite-purpose machines, |672) 

Delayed commutation, 391 

Delta-Delta connection, [86] 

Delta-Y connection, 

Demagnetizing effect of 
cross-magnetizing armature 
reaction, 

Diode symbol, 494] 

Diodes, 494-494 

Direct axis, 

Direct-and quadrature-axis (dpO) 
theory, 

Direct-axis air-gap flux,[284,.B60 

Direct-axis components, 

Direct-axis magnetizing reactances,|284) 

Direct-axis permeance, [361] 

Direct-axis quantity,[284] 

Direct-axis synchronous inductance, [661] 

Direct-axis synchronous reactances, [284] 

Direct-axis theory, 282-289] 

Disk armature permanent-magnet 
servomotor, 388) 

Distributed ac windings, 

Distributed fractional-pitch windings, 
651-653 

Distributed two-pole, three-phase, 
fractional-pitch armature 
winding, 

Distributed two-pole, three-phase, 
full-pitch armature winding, 

Distributed windings, 

Distribution transformer 59| 

Doherty, R. E., B58] 

Double-layer windings, 

Double-revolving-field concept, 
55, 463 

Double-squirrel-cage rotors, 

Doubly-salient VRM, f08—41 I], 416] 

dqO transformation, 

Drain, 507 

Dynamic equations, 


E 
Eddy current, 26] 
Eddy-current loss, 
Effective permeability, 
Efficiency 


electric machinery, 678-679 


mechanical losses, and, 
power conversion device, [80] 
synchronous machine,.279 
8/6 VRM, [419] 
800-A winding, [94] 
Electric field intensity, 
Electrical degrees, [178 
Electrical radians, 
Electromagnetic power, |370 
Electromagnetic relay,[119] 
Electromechanical-energy-conversion 
principles, 
analytical techniques, |I55—158 
determination of magnetic 
force/torque from coenergy, 
[29-136] 
determination of magnetic 
force/torque from energy, 
dynamic equations, 
energy balance,[T17—119] 
energy in singly-excited magnetic field 
systems, [119-123 
forces/torques in magnetic field 
systems, [113—117] 
forces/torques in systems with 
permanent magnets, 
gross motion, [56-157] 
linearization, [157-158 
multiply-excited magnetic field 
systems, [136-142 
purpose, 
Electromotive force (emf), | In, 210] 
Electrostatic voltmeter, [165 
Emf, 1 1n, 210] 
Emitter, 03} 
End effects, [23] 
End-turn fluxes,[234] 
Energy balance, [117-119] 
Energy efficiency, |668} [678-679] 
Energy method, [116] 
Engineering aspects, 
cooling,[674-675] 
energy efficiency, [669, 
excitation,|6/6-678 
heating, [670-674] 
insulation, [671-672] 
losses,|668—670| 
transformer analysis, [73-81] 
Equivalent circuits 


induction machines]313—321] 
instrumentation transformer, 


permanent-magnet de motor, 389 
single-phase induction motor, 
synchronous machines, |252-256 
transformers, [68-73] 
two-phase motor, 472] 
Equivalent series impedance, 
Equivalent series reactance, 
Equivalent series resistance,|73| 
Equivalent-T circuit, 
Excitation, 
negative, 
self-,[677] 
turbine-generator systems,|677-678 
under/overexcited, 
Excitation branch,[71] 
Excitation phenomena, 
Excitation system, 
Exciter,|245 
Exciting component, [69] 
Exciting current,[24[25,[60] 
Exciting impedance, 
Exciting rms voltamperes per unit 
mass, 


F 
Faraday’s Law, [Li Bd, 
Ferrite magnets, 


Ferrites,[5q 
Ferromagnetic materials, 2 
Fictitious winding [143] 


Field axis, B57] 
Field-current control,[560-565] 
Field-current waveform, [561] 
Field-oriented control, 
Field-resistance line [379] 
Finite-element method, 
Firing-delay angle, 498] 
Firing-delay ee 
First law of thermodynamics, 
Five-wire, |643 
Flat-compounded, 
Flux 
air-gap space-harmonic,|233-234 
direct-axis air-gap,[292] 
end-turn, 
leakage,|233—234| 
mmf waves, and,[282-284] 
mutual,[233] 
quadrature-axis air-gap, 
slot-leakage, 234] 
Flux linkage, 
Force density, 


Forced commutation,|525} 

Force-producing devices, 

Forward voltage drop, 

Forward-breakdown voltage, 

Fourier series, 

Four-phase systems, 643} 

Four-phase 8/6 VRM, B19 

Four-pole de machine, 

Four-pole single-phase synchronous 
generator, [78] 

Four-pole synchronous-reluctance 
motor, 

4/2 VRM, [414-416] 

Fractional slip, BOY 

Fractional-pitch coil, 

Free-wheeling diode, 

Fringing fields, [8 ] 

Full-pitch coil, 

Full-wave bridge, B07] 

Full-wave bridge rectifier, 07] 

Full-wave phase-controlled SCR rectifier 
system, [534 

Full-wave rectification, 

Full-wave rectifier, 


G 
Gate, [504,504 


General-purpose motor, 
Generated voltages, 252) [644-650] 
Generator reference direction, |253 
Grain-oriented steel, 27. See also M-5 
grain-oriented electrical steel 


Gross motion,|156—157 
H 


Half-wave rectifier circuit 
diodes, 
inductive load, BT3} 
SCR, [499 
Hard magnetic materials, 33] 
H-bridge, [539-544] 
H-bridge inverter configuration, 
Heating, 
Henrys per ampere, 
Henrys per meter,[4] 
High-speed synchronous motor, [183 
High-voltage, 57n 
High-voltage side,[80] 
Holding current, 
Hunting transient, 247 
Hybrid stepping motor, 444446] 
Hydrogen,|674—675 
Hydrogen cooling, 
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Hysteresis effect, 
Hysteresis loop, 
Hysteresis Net aicen 
Hysteresis motors [462—463] 


Ideal current transformer, [9 93} 
Ideal potential transformers, [90} 
Ideal transformer, |64—67 
Idealized synchronous machine, |658 
Ideal-switch model, 
IEEE, 
IGBT, [502-506] 
Impedance 
equivalent series, re | 
exciting, [71] 
referring the, 
Thevenin-equivalent, 
Thevenin-equivalent stator, B23] 
Indirectly cooled bar, 
Induced voltage, [1] 
Inductance 
commutating, 
defined, 
direct-axis synchronous, [661 | 
leakage,|252 
magnetizing, 
mutual, 
primary leakage, 
quadrature-axis synchronous, |661 


rotor self,|249—250| 
secondary et 
self, [17] 
stator, [250-252 
stator-to-rotor mutual, [250] 
synchronous, |250—252 
zero-sequence,|661 
Induction machines] 183-185]306—-356] 
See also ac machines 
blocked-rotor test 333-340 
currents/fluxes,|3 11-313 
deep-bar rotors, 
double-squirrel-cage rotors, [343-347] 
dqO transformation,|664—667 
equivalent circuit [313-321] 
no-load test,]330-333 
rotor resistance, [340-347 
single-phase induction motors. See 
Single-phase induction motors 
speed control, 595-603 
Thevenin’s theorem,|322~330 
torque control, [603-612 | 
torque/power, 
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Induction machines—Cont. 
torque-speed characteristics 345 
two-phase induction motors, 
wound-rotor motors, 

Induction-motor speed-torque 

characteristic, [185] 

Inductive load with series de source, 


Infinite bus, 

Inner cooling, 

Institute of Electrical and Electronics 
Engineers (IEEE), |669] 


Instrumentation transformers, [90] 


Insulated-gate bipolar transistor (IGBT), 
502-506 


Insulation, 
Insulation life tests] 67 I| 
Integral-horsepower dc motor, [185] 
Integration paths, 
Internal voltage [252] 
Interpoles, 
Inversion, 
H-bridge, 
pulse-width-modulated voltage-source 
inverters, 
three-phase inverters, 
Inverter, [538] 
Inverter configuration [614-615] 
Inverter-input representations, 
PR losses, [669] FS 


Iron-core transformer, 


J 
Joules (J), 
Joules per seconds, 
K 


Kirchhoff’s current law,|9| 637 
Kirchhoff’s voltage law, |8}|632 
kVA rating, 


ft 


Lagging, 

Leading, 

Leakage fields] 

Leakage flux, 59, [233-234] 
Leakage inductance, 252] 
Leakage reactance,|254 
Light dimmer, [501 

Linear commutation, 366 
Linear machines, [227-230] 
Linearization, 
Line-to-line voltages,{63 I 


Line-to-neutral voltages, 
Line-voltage control, 
Load component,|69} 


Load loss, 
Long-shunt pee 
Lorentz Force Law, 
Loss of synchronism, 
Losses, 
brush-contact, 669} 
core, 
eddy-current, 
efficiency, and,|6 
hysteresis, 670) pra] 
PR, [669] 
load,|2 
mechanical, |669] 
no-load rotational, 
ohmic, 
open-circuit core, |669 
reducing/minimizing, 
short-circuit load, 264 
stray load, 264, 270] 
Lossless electric energy, 
Lossless-energy-storage system, 
Low-voltage, 57n 


M 

M-5 electrical steel,33] 
M-S5 grain-oriented electrical steel 

B-H jor 

core loss, 

dc magnetization curve, 22 | 

exciting rms voltamperes, 
Machine efficiency, 
Machine losses. See Losses 
Machine rating, 
Machines. See Motors 
Magnetic circuit model [9] 
Magnetic circuit with two windings, [17] 
Magnetic circuit/material,| 1-56] 

ac excitation, [23-30] 

air gaps, [5 | 

B-H curve|21| 

dc magnetization curve,]2 1-22] 

electric circuits, compared,|6] 

Faraday’s law, [1] 

flux linkage, [11] 

fringing fe 

inductance, 

leakage fields, [9] 

mmf drop [8] 

mutual inductance, 

permanent magnets,[30—42] 


properties, 

right-hand rule, |4 | 

self-inductance, 
Magnetic field intensity, 2] 
Magnetic field viewpoint, 221-226] 
Magnetic-field electromechanical energy 

conversion device, [116] 

Magnetic fields in rotating machinery, 
Magnetic flux] 
Magnetic flux density,[2] 
Magnetic hysteresis, 
Magnetic permeability, |4] 
Magnetic saturation [230-233] 
Magnetic stored energy, 
Magnetization curve [230] 360] 
Magnetizing current,[6J] 
Magnetizing inductance, 
Magnetizing reactance,[71]254][314] 
Magnetizing Senna 
Magnetomotive force (mmf),[3] 
Main winding,|456| 
Main-field mmf,[374! 
Matching machine to application, [679] 


MATLAB] x-xiii | 
polyfit, 


program code. See MATLAB scripts 

spline(), [399-405 | 

student version xi] 

MATLAB scripts 

armature-frequency control, [601-602 | 

armature-terminal voltage control, 
[569-570] 

block-rotor test] 339-340} 

current (current transformers),[94] 

determination of magnetic 
force/torque, 

electromechanical mechanical torque, 


full-wave bridge rectifier,|5 10-511 
inductance, [[5] 


steady-state power-angle 
characteristics,|27 1-272 
symmetrical-component systems, 


475-477 


torque control (induction motors), 


unsymmetrical two-phase induction 
machines, 485488] 

voltage [92] 

VRMs, [426-428 [436 


Maximum electromechanical 


torque, 


Maximum energy product,[33] 
Maxwell’s equations 
Mechanical losses, 669] 
Metal-oxide-semiconductor field effect 
transistor (MOSFET),[502-506] 
Microstepping [443] 
Minor hysteresis loop. B8] 
mmf,B] 
mmf drop, [7J8] 
mmf waves, armature, [650-653] 
MOSFET, |502-506 
Motor reference direction, [253] 
Motor size, 673, 
Motorettes, [67 1| 
Motors 
ac machines. See ac machines 
capacitor-type 
dc machines. See dc machines 
general-purpose, |672 
hysteresis [462463] 
induction machines. See Induction 
machines 
linear machines, 
pole-changing, 596] 
rating, [672-674] 
size, le79 
special-purpose, 
split-phase, [456] 
stepping, 
synchronous machines. See 
Synchronous machines 
VRMs. See Variable-reluctance 
machines (VRMs) 
Multicircuit transformers [84] 
Multiply-excited magnetic field systems, 
Multi-stack variable-reluctance stepping 
motor, 
Multiwinding transformers |84—85 
Mutual ated 
Mutual inductance, 


National Electrical Manufacturers 
Association (NEMA), 669 
n-channel IGBT, 
n-channel MOSFET, 502] 
Negative excitation, B8| 
Negative sequence [47] 
NEMA, 
Neodymium-iron-boron,BA, 
B9) 22] 


Newtons per cubic meter, [113 


Nickle, C. A.,|658 
No-load conditions,|60-64| 
No-load magnetization 
characteristics, B75] 
No-load phasor, 
No-load rotational loss,|670] 
No-load rotational losses, 
No-load test,[330-333] 
Nonoriented electrical steels, 
Nonoriented steels, 
Nonuniform air gaps,|200 
Normal magnetization curve, 
N-turn concentrated coil [654] 
Numerical-analysis package, [xii] See 
also MATLAB 


oO 
Ohmic losses [669] 
Ohm’s law, B79] 
1.8°/step hybrid stepping motor, [444] 
Open-circuit characteristics, [230][231] 
Open-circuit core loss, [669] 
Open-circuit core-loss curve, [259] 
Open-circuit saturation curve, 236] 
Open-circuit test,[78-80] 
Open-circuited secondary, 
Open-delta connection, 
Operating temperature, maa 
Opposite phase sequence, 
Overexcited, 
Overview of book[xii] 


Pp 


Park, R. H.,[658] 
p-channel IGBT,[502 
p-channel MOSFET,02] 
Permanence, direct axis, B61] 
Permanent magnet,BO—43] 
Permanent-magnet ac motors, 
293-295 
Permanent-magnet dc machines, 
Permanent-magnet stepping motors, 
439-441 
Permanent-split-capacitor motor, 
(457, 
Permeability 
effective, 
magnetic, [4 _] 
recoil, B8]/42] 
Permeance, [7] 
Per-unit system 
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Phase, 


Phase order, 

Phase sequence, 
Phase-controlled rectifier, 
Phasor diagram, 
Pitch factor, 


Pole-changing motors, |596 
Pole-face winding, 
Polyphase induction machines. See 
Induction machines 
Polyphase mmf,[207| 
Polyphase synchronous machines. See 
Synchronous machines 
Polyphase systems,|628| 
Positive sequence, 
Pot-core, 
Potential transformers (PTs), [90-93] 
Power, 
Power angle. [267] 
Power cle prance [5-558 
diodes, 
IGBT, 502-506] 
inversion [538—55Q] See also Inversion 
MOSFET, 
power switches, |494-506 
rectification, [507-538] See also 
Rectification 
SCR, 496-499] 
transistors, 
TRIAC, 
Power factor 
ac machines, [676-677] 
three-phase systems, [633] 
Power switches, 494-506] 
Power-angle characteristic 
defined, 
salient-pole machines, 
steady-state, 
Power-factor angle, 633| 
Practical VRM drive systems, |415 
Primary, 
Primary leakage inductance, 
Primary leakage reactance, [69] 
Primary resistance, 
Prime mover, 
Projecting poles, [179 
PTs, 
Pulling out of step, 
Pull-out torque, [248] 
Pulse-width-modulated voltage-source 
inverters,|544—549 
Pulse-width modulation (PWM), 645] 
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Q 

Quadrature axis,[282] 
Quadrature-axis air-gap fluxes, 283| 
Quadrature-axis components [284, 
Quadrature-axis magnetizing 

reactances, 
Quadrature-axis quantity, |284 
Quadrature-axis synchronous 

inductance, [661] 
Quadrature-axis synchronous 

reactances, [284] 
Quadrature-axis theory, 282-289 | 


Rating of machinery,|672-674 | 
Ratio of transformation, 
Reactance 
direct/quadrature-axis 
magnetizing,|284 
direct/quadrature-axis 
synchronous, |284 
equivalent series, 
leakage, 69,[71,[254! 
magnetizing, [7 11254, 
primary leakage,[69] 
secondary leakage, 
synchronous, [253] 
unsaturated synchronous [260] 
Reactance voltage, B9] 
Reactive kVA [677] 
Recoil line, B8] 
Recoil permeability,[38][42] 
Rectification, [507-538] 
commutating inductance, 
inductive load with series dc source, 
532-533 
single-phase full-wave diode bridge, 
B0T512] 
single-phase full-wave 
phase-controlled bridge [524-532] 
single-phase rectifier with inductive 
load, [513-518] 
three-phase bridges, 533-538] 
Reference direction, 254 
Referring the impedance, [64] 
Regenerating, 627 
Reluctance, [6] 
Remanent magnetization, 2], 
Residual flux density. Bo 
Residual magnetism, B4d 
Resistance 


core-loss, [1] 


critical field, 

equivalent series, 73 | 

magnetizing, 

primary, [61] 

secondary, [71] 
Resistance commutation, 
Resultant core flux, [6] 
Reverse-breakdown voltage, 
Revolving-field theory, 463-470 
Right-hand rule[4] [114 


Ripple voltage, 510) 
Rms, 23] 


rms-kW method, 
Root-mean-square (rms), [23] 
Rotor, 

Rotor self inductance,[249—250 | 


Rotor-resistance control, [603 


Run winding, 


Ss 


Salient pole, 
Salient-pole synchronous machine, 
Salient-pole synchronous machine and 
series impedance, 

Samarium-cobalt,B2B9 42) 
Saturated,20] 
Saturation 

magnetic, |230-233 

VRMs, 
Saturation curve, 230-231 
Saturation voltage, 50a] 
Sawtooth armature mmf wave, 
Sawtooth waveform, [548] 
SCR, 2621 [496—499] 
SCR symbol, 
Secondary, 57] 
Secondary leakage inductance, [71] 
Secondary leakage reactance, [71] 
Secondary resistance, [ZL] 
Self-excitation, 677] 
Self-excited generators, B61] 
Self-inductance, J] 
Self-starting synchronous-reluctance 

motors, 60-462] 

Separately-excited generator, B61] 
Separately-excited motors,[363] 
Series motor, 
Series universal motors, B95—396 | 
Series-field diverter, 381 
Service factor, [672] 
Shading coil, 
Shared-pole induction motor 460, 


Shell-type transformers, [58] 
Short-circuit characte sis P58705] 
Short-circuit load loss, 
Short-circuit ratio 
Short-circuit test, 
Short-circuited secondary, 
Short-shunt connection,|373 
Short-time ratin gs,673) [674] 
Shunt motor, 363 
Shunted-armature method [565] [566] 
SI units, 
Silicon controlled rectifier (SCR), 
496-499 
Simple magnetic circuit,3] 
Simulink, [xiii] 
Single-line diagrams, 
Single-phase full-wave diode bridge, 
507-512 
Single-phase full-wave phase-controlled 
bridge, 
Single-phase H-bridge step-waveform 
inverters,[539—544] 
Single-phase induction motors, 
452-470, 
capacitor-type motors, 
equivalent circuits, 
revolving-field theory [463-470] 
schematic view,|453 
shaded-pole induction motors,|460) 
split-phase motors, |456 
torque-speed characteristic,|454 
Single-phase rectifier with inductive 
load, 513-518] 
Single-phase systems, 
Single-phase winding space-fundamental 
air-gap mmf,[202] 
Single-stack variable-reluctance stepping 
motor, 
Singly-excited electromechanical 
system, [151] 
Singly-salient VRM [408-410] 
6/4 VRMJ417] 
660-MVA three-phase 50-Hz 
transformer, 
Size of machine,673 
Slip, 
Slip frequency, 
Slip rings, 76) 
Slot-leakage flux,[234] 
Snubber circuit [497] 
Soft magnetic materials, B3] 
Software packages. See MATLAB 
Source 


Space-fundamental air-gap flux,[251] 
Sparking [399] 
Sparkless commutation, 
Special-purpose motor, 
Speed control 
de motors,| 560-564 
induction motors,|595—603 
synchronous motors,]578—583 | 
Speed voltage [103} 210 
Squirrel-cage induction motor, [184] 
Squirrel-cage rotor, 306-308] 
SRMs. See Variable-reluctance 
machines (VRMs) 
Stabilized, 
Stabilizing winding, 
Standard-setting bodies,|669 
Start winding, [454 
Starting capacitor, 457] 
State function, 
State variables, |120| 
Stator [173} 
Stator inductance,|250—252 
Stator windings, 173] 
Stator-to-rotor mutual inductances, 250 
Steady-state power-angle characteristics, 
266~275 
Stepping motors, 
Stray load loss, 
Switched-reluctance machines. See 
Variable-reluctance machines 
(VRMs) 
Symmetrical-component concept, 
[41477 
Synchronous angular velocity, 
Synchronous condensers, 
Synchronous generator capability 
curve] 276-277 
Synchronous inductance, 250-252 
Synchronous machines,[176—183] 
See also ac machines 
direct-axis theory,[282—289] 
dqO transformation,|660—663 
efficiency, 279] 
equivalent Cireuits Bo 6) 
flux/mmf waves,|282-284| 
inductances, 249-252 
open-circuit characteristics, 
permanent-magnet ac motors, 
293-295 
power-angle characteristics,|266—275 
289-293 
quadrature-axis theory,[282—289] 
salient-pole machines [281-293] 


self-starting reluctance machines, 
460-462 
short-circuit characteristics,]258-—-265 
speed control, [578-583] 
steady-state operating characteristics, 
275-281 
steady-state power-angle 
Se ar 
torque control, 
Synchronous reactance, |253 
Synchronous speed, [206 
Synchronous-generator V curves, |278 
Synchronous-machine equivalent 


circuits,|252—256 


T 
Temperature rises, 
Teslas,[4] 
Tests 


blocked-rotor, 
indigo POS 
no-load, |330—333 
open-circuit, [78-80] [258-262] 
short-circuit,|77—78,|256—258 
stray-load-loss, 330 
Thevenin-equivalent circuit,323] 
Thevenin-equivalent impedance,|322 
Thevenin-equivalent stator 
impedance, [323] 
Thevenin-equivalent voltage, |322 
Thevenin’s theory,|322 
Three-phase ac machine,|209 
Three-phase bridges, 
Three-phase circuits, 
balanced system, 
generation of voltage, 
instantaneous power, 
other polyphase systems, [643] 
schematic view of three-phase 
generator, 
single-line diagrams, 
transformers, 
unbalanced system, 
voltages/currents/power, 
Y/delta-connected circuits, 
Three-phase connections, 
Three-phase inverters, [549-550 | 
Three-phase six-pulse diode bridge, [534] 
Three-phase system, [628] 
Three-phase three-stack 
variable-reluctance stepping 
motor, 439] 
Three-phase transformer] 86] 
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Three-phase transformer bank, [85] 
Three-phase transformer connections,|[86] 
Threshold voltage, [504] 

Thyristor, [496 | 

Time-averaged voltage, [513] 


Torque 
asynchronous, 


breakdown, 
coenergy, and, 
coupled-cireuit viewpoint,[215—221] 
energy, and, 
induction machines [322-330] 
magnetic field viewpoint,[221—226] 
maximum electromechanical,[325] 
nonsalient-pole mactines B26 
permanent magnets, 
pull-out,]248 
VRM, 
Torque angle, 
Torque constant, 389] 
Torque control 
dc motors, 
induction motors, 
synchronous motors, 
Torque-angle characteristic, 
Torque-angle curve, 247] 
Total ampere-turns, 
Transducers, 
Transformer equivalent circuit [68-72] 
Transformer reactance,[68—72] 
Transformers, 
autotransformers,| 82-84 | 
core-type, 53] 
current,93-95 
distribution, 
engineering aspects,|73~81 
ideal,|64—67 
instrumentation, [90] 
multiwinding, 
no-load conditions,]60-64 
open-circuit test, 
per-unit system, P5—I03) 
ae 
reactances, 
secondary current L64—67 | 
shell-type, 
short-circuit test,[77—78 | 
three-phase circuits,[85—90 ] 
two-winding, 
voltage regulation, 
Transistors, 


TRIAC, 
TRIAC symbol, [500 
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Turbine-generator excitation systems, 

Two-phase permanent magnet stepping 
motor [440] 

Two-phase systems, 

Two-pole cylindrical-rotor field 
winding [179 ] 

Two-pole dc machine,[194 | 


Two-pole single-phase synchronous 
generator, 


Two-pole three-phase generator, 629] 
Two-pole three-phase stator winding, 
Two-pole 3600r/min turbine 
generator, 
Two-winding transformer[82] 
200-MVA, three-phase, 50-Hz, 
three-winding, 210/80/10.2-kV 
transformer, [87] 
2400-V winding, B2] 


U 

Unbalanced operation of symmetrical 

two-phase machines, |47 1-477 
Unbalanced three-phase system, |631 
Undercommutation, 
Underexcited 
Uniform air gaps, 
Universal motor, 
Unsaturated synchronous reactance, [260] 


Unsymmetrical two-phase induction 
machines, |478-488 


Vv 


V connection,|86| 
V curves, 
Variable-frequency solid-state motor 
drives, B48] 
Variable-reluctance machines (VRMs), 
407-451 
bifilar winding, [419] 
cate OO 
control, 
doubly-salient VRM, 46] 
4/2 machines, 
nonlinear analysis, 
practical configurations,[415] 
saturation effects, 
singly-salient VRM, 
stepping motors, 
6/4 machines, [417] 
torque, 
Vector control, [583] 
Ventilating system,[674] 
v-i characteristic 
ideal diodes,[494] 
idealized SCR, [497 ] 
idealized TRIAC, 500 ] 
inductor,[513] 
n-channel IGBT, B03] 
n-channel MOSFET, 603 ] 
SCR,[497] 
Voltage behind leakage 
reactance,[254 | 


Voltage commutation [392] 
Voltage, generated, 644-650 
Voltage ratio, 
Voltage regulation, [81] 
Voltage-regulating 
system,[276 | 
Voltage-source inverter, 
VRMs. See Variable-reluctance 
machines (VRMs) 


Water-cooled barley 

Water-cooled rotor, 

Watts (W), 

Webers per ampere-turn-meter[4 ] 

Webers per square meter,|4_] 

Weber-turns per ampere, [I2] 

Winding factor, [190 ] 

Windings (distributed ac windings), 
644-656 

Wound rotor, 

Wound-rotor motors, 


Y 


Y-delta connection, |86] 
Y-Y connection [86] 


Zero-sequence component, 
Zero-sequence inductance, 


